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Chapter 1

GENERAL INTRODUCTION 

The work presented in this thesis has been performed at the Department of Anatomy 
and Embryology of the University Medical Center Groningen. For more than a decade, 
research in this department has focused on the neural pathways involved in the so-
called emotional motor system as defi ned by Holstege (1997).

THE EMOTIONAL MOTOR SYSTEM
The emotional motor system, together with the somatic motor system, make up the 
brain’s ‘motor system’ (fi g. 1), which is responsible for the neural control of all movements. 
The emotional motor system, in contrast to the somatic motor system, originates in the 
emotional, or limbic, parts of the brain. It controls basic behaviors important for the 
survival of either the individual or the species. The emotional motor system consist of  
a lateral and a medial part (fi g. 1). The lateral part, which involves brain structures 
located in the lateral part of the brain, coordinates specifi c survival behaviors such 
as fi ght, fl ight or freezing behavior, micturition (release of urine), vocalization, mating 
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Figure 1 Schematic overview of the subdivisions of the somatic and emotional motor system 
(Holstege, 1997).
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behavior and maternal behavior. The medial part of the emotional motor system, 
which involves more medially located brain structures, regulates general level setting 
systems, such as nociception control (reduction of pain) and gain setting systems for 
the motoneurons. 
No motor system, neither somatic nor emotional, can function without input from 
the environment. Many, if not all, of our actions are in fact re-actions. Changes in 
the environment direct our actions in every day live. If we feel cold, we put on a 
sweater, if we see a red light we hit the brakes, if we hear the phone ring we pick 
it up. Many of these reactions are conscious, but sometimes we also react to input 
from our environment unconsciously. We retract our hand before we realize the pan 
is hot, we duck before we realize something was fl ying our way, we turn our heads 
towards a loud sound before we realize where it came from. We become conscious 
of these re-actions only after they have happened. Other re-actions of our body 
remain unconscious most of the times. The muscles in our pupils contract when we are 
exposed to more light, digestive juices are released after we have consumed food, 
the blood in our skin is rerouted to our organs when we become colder. Et cetera, et 

P2.2P0.9A0.6A2.5A4.3

rostral                intermediate          caudal PAG

superior colliculus

AP 0.0

A 27.0 P 16.0

inferior colliculus

Figure 2. Schematic representation of the location of the periaqueductal gray (in dark gray) 
with anterior-posterior coordinates according to Berman’s atlas (1968) of the cat.
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cetera. In order for the muscles to move body parts in an appropriate way, the brain 
needs input, about the internal and external environment, but also about what other 
parts of the brain are doing. 

Because of the importance of the afferent limb (from Latin ad+ferre: to bring to) for 
the emotional motor system, research in the Department of Anatomy in Groningen 
has not only been focused on the output of this system, but also on its input. Dr. L.J. 
Mouton of this department, in her thesis (1999) stated that the ‘emotional motor 
system’ should actually be called the ‘emotional sensorimotor system’, because the 
afferent limb of a functional circuit is just as important as its efferent limb (from Latin 
ex+ferre: take away from). Moreover, specifi c sensory information is transmitted to 
specifi c brain structures involved in the emotional motor system. Research on the 
input to the emotional motor system has mainly been focused on the afferents of the 
midbrain periaqueductal gray (PAG; fi g. 2), which is a key structure in the emotional 
motor system. It is sometimes considered the most caudal part of the limbic brain, and 
electrical or chemical stimulation in the PAG has been shown to be able to elicit all of 
the basic survival behaviors, such as fi ght, fl ight and freezing, micturition and mating 
posture. 

rostral intermediate caudal thalamus

AP 0.0

A 27.0

A7.2A12.0

P 16.0

A 9.5

Figure 3.  Schematic representation of the location of the thalamus (in dark gray) with anterior-
posterior coordinates according to Berman and Jones’s atlas (1982) of the cat.



12

Chapter 1

All work presented in this thesis was performed in the context of research on the 
‘emotional sensorimotor system’. The fi rst part of the thesis concerns input from the 
brainstem to the PAG. Projections from the spinal cord to the PAG had been studied 
thoroughly, but projections from the brainstem to the PAG had not yet been studied 
in such detail. 
In order to be able to place the pathways of the ‘emotional sensory system’ in 
perspective with other ascending tracts, an attempt was made to compare them to 
the pathway from the spinal cord to the thalamus, the so-called spinothalamic tract. 
The thalamus (fi g. 3), located in the diencephalon, is usually seen as the ‘gateway to 
the cortex’; all sensory input that reaches the cortical areas, after which awareness of 
the sensation can occur, travels to the thalamus fi rst. The focus both in research and 
in teaching of the sensory system has always been on the pathways to the thalamus. 
Thus, the thalamus has become the best known receiver of sensory information from 
the spinal cord. A precise comparison of the spino-PAG pathway, that has been 
studied thoroughly in our laboratory (VanderHorst et al.,1996, Mouton et al., 1997; 
Mouton and Holstege, 2000, Mouton et al., 2001), and the spinothalamic tract was 
impossible, because no comprehensive studies on the spinothalamic tract in cats 
existed. To allow for careful comparison with the ‘emotional sensory’ pathways, 
afferents from the spinal cord to the thalamus were studied, using the same methods 
as in studies on the spino-PAG pathway. The second part of this thesis is comprised of 
these studies concerning the spinothalamic tract.

NEURAL PATHWAYS: ANATOMICAL TRACT TRACING STUDIES
All research done for this thesis was performed in cats, whose brains are relatively 
good models for the human brain. The aim of this and of most other neuroanatomical 

Anterograde transport

Retrograde transport

terminalaxon

dendrite

micropipette

tracer

micropipette

tracer

dendrite

labeled neuron

labeled terminal
axon

Figure 4.  Schematic representation of retrograde and anterograde transport of an injected 
neural tracer (in gray).
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research, is to learn more about the human central nervous system, possibly 
contributing to solutions for disease. Although research techniques have been 
developed to study the living human brain, such as electro encephalograms (EEG), 
positron emission tomography (PET) and functional magnetic resonance imaging 
(fMRI), many questions still can only be answered through animal research. 
In the studies presented here, neural tracing techniques were used, for both 
anterograde and retrograde tracing (fi g. 4). With this technique, a neural tracer 
is injected in the brain area of interest, where it is taken up by the axons and/or 
neurons in that area. Retrograde tracing occurs when the tracer is taken up by an 
axon terminal and transported back to the cell body, resulting in labeled cells (fi g. 4). 
Anterograde tracing occurs when the tracer is taken up by a cell body or its dendrites 
and transported anterogradely to the end of the axon, resulting in labeled fi bers and 
terminals (fi g. 4). After histochemical processing, labeled cells and terminals can be 
made visible by light-microscopical techniques. 

AFFERENTS FROM THE BRAINSTEM TO THE PERIAQUEDUCTAL GRAY
No studies exist that provide an overview of all projections from the brainstem to 
the PAG in cats. Retrograde tracing studies in other species have shown that cells 
projecting to the PAG are mainly located in the tegmental fi eld and in a large variety 
of brainstem nuclei, including the parabrachial nuclei, the nucleus of the solitary 
tract, dorsal column nuclei and the caudal spinal trigeminal nucleus (rat: Marchand 
and Hagino, 1983; Morrell and Pfaff, 1983; Beitz, 1982; rabbit: Meller and Dennis, 1986; 
monkey: Mantyh, 1982). Other studies focused on the projections of one particular 
brain stem area to the midbrain. These studies provided anterograde tracing data 
showing the termination pattern of brainstem fi bers within the PAG. This termination 
pattern is important, because the PAG consists of different columns (fi g. 5) each with 
different functions (Bandler et al., 1991; Bandler and Shipley, 1994). It was shown that 
from the spinal trigeminal nucleus and the dorsal column nuclei projections reach the 
lateral column of the PAG in cat and monkey (Wiberg and Blomqvist, 1984a; Wiberg 
et al., 1986; Wiberg et al., 1987), while cells in the nucleus of the solitary tract send 

dorsomedial column
dorsolateral column
lateral column
ventrolateral column

Figure 5. Schematic representation of the different columns of the periaqueductal gray  (Bandler 
et al., 1991; Bandler and Shipley, 1994).
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their axons to mainly the ventrolateral column of the PAG (Herbert and Saper, 1992). 
Projections from the tegmental fi eld of pons and medulla reach the dorsomedial, 
lateral and ventrolateral columns of the PAG (Herbert and Saper, 1992; Vertes et al., 
1986; Illing and Graybiel, 1986). Brain stem projections, like spinal projections, have 
been described to avoid the dorsolateral column of the PAG. 

Scope of this thesis
In this thesis three pathways from brainstem to PAG that had not been reported 
before, are described. One of these pathways was from the nucleus retroambiguus 
(NRA) to the PAG. The NRA is a specifi c cell group located in the lateral tegmental 
fi eld of the caudal medulla. It contains the premotor interneurons that in turn project 
to motoneurons of muscles involved in vocalization, vomiting, respiration and mating 
behavior (Merrill, 1974; Miller, 1987; Holstege, 1989; VanderHorst and Holstege, 1995). 
As target area of the lateral emotional motor system, it receives direct projections from 
the PAG. In chapter 2 projections in the opposite direction, from the NRA to the PAG, 
were described and the possible role in feedback of this pathway was discussed. 
In chapter 3 projections from the nucleus prepositus hypoglossi, located in the 
dorsal pons and medulla, to the dorsolateral column of the PAG were described. 
This pathway is remarkable, because projections from cells in pons and medulla, like 
those in the spinal cord, have always been assumed to avoid the dorsolateral column. 
Because the nucleus prepositus hypoglossi is involved in the oculomotor system, it 
was hypothesized that the dorsolateral PAG plays a role in this system. In search for 
projections from other oculomotor related brain stem areas to the dorsolateral PAG, 
the pathway originating in the periparabigeminal area in the midbrain was also 
studied (chapter 4). 

AFFERENTS FROM THE SPINAL CORD TO THE THALAMUS
The spinothalamic tract is known for its role in the conduction of nociceptive and 
thermal information, but it also relays other somatosensory input, such as light touch, 
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Figure 6. Schematic drawing showing the location of the thalamic nuclei that are the main 
receivers of spinal cord projections and some anatomical landmarks. 
AV, anteroventral nucleus; CA, caudate nucleus; CLN, central lateral nucleus; CM, centre médian 
nucleus; CMN, central medial nucleus; IC, internal capsule; LGN, lateral geniculate nucleus; OT, 
optic tract; PAC, paracentral nucleus; PO, posterior complex; PP, pes pedunculi; PUL, pulvinar; 
PV, paraventricular nucleus of the thalamus; RF, fasciculus retrofl exus; SN, substantia nigra; SUM, 
submedial nucleus; VA. ventroanterior nucleus; VL, ventrolateral complex; VPM, ventroposterior 
medial nucleus; VPL, ventroposterior lateral nucleus
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pressure, and joint and muscle stimulation (Willis and Coggeshall, 2004 for review) to 
the thalamus. The thalamus is a large structure in the diencephalon and exists of many 
different functional nuclei (fi g. 6). Anterograde tracing studies on the spinothalamic 
tract in cat have shown that projections from the spinal cord to the thalamus reach a 
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Figure 7. Schematic representation of the central nervous system of the cat, consisting of a brain 
and spinal cord. The cat spinal cord consists of 8 cervical, 13 thoracic, 7 lumbar, 3 sacral and 
coccygeal segments. The gray matter of these segments can be subdivided into laminae I-X 
(Rexed, 1954).
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large number of these nuclei. From the enlargements, spinal fi bers project mainly to the 
paraventricular nucleus of the thalamus, the centrolateral nucleus, the paracentral 
nucleus, the submedial nucleus, the caudal posterior complex, the ventral edge of 
the ventroposterior nuclei and the ventrolateral nucleus (Craig and Burton, 1985). 
The cells of origin of the spinothalamic tract are located in different areas of the 
spinal cord, called laminae (fi g. 7; Rexed, 1954). Spinothalamic projections are usually 
associated with cells in lamina I, but retrograde tracing studies in rat, cat and monkey  
(rat: Kemplay and Webster, 1986; Burstein et al., 1990b; cat: Trevino et al., 1972; Trevino 
and Carstens, 1975; Carstens and Trevino, 1978a; Carstens and Trevino, 1978b; Comans 
and Snow, 1981; Wiberg and Blomqvist, 1984b; monkey: Trevino and Carstens, 1975; 
Willis et al., 1979; Apkarian and Hodge, 1989a) have shown that spinothalamic cells 
are also present in the deep dorsal horn (laminae V and VI), and laminae VII and VIII 
in all three species. Moreover, spinothalamic neurons can be found in laminae II and 
III in rat, and in laminae II, III and IV in monkey. 
Comprehensive qualitative and quantitative studies of spinothalamic projections exist 
in rat (Kemplay and Webster, 1986; Burstein et al., 1990b) and monkey (Apkarian and 
Hodge, 1989a), but not in cat, although this species is widely used in studies of the 
spinothalamic tract.

Scope of this thesis
The spinal afferents of the thalamus were studied in all laminae and in all segments of 
the spinal cord in cat (fi g. 7). To allow careful comparison with the spino-PAG tract the 
same techniques were used as in the study on spinal projections to the PAG (Mouton 
and Holstege, 2000). 
After large injections in the thalamus, the total number of spinothalamic neurons 
was estimated (chapter 5), as well as the percentage of these neurons that was 
located in lamina I (chapter 6). When the laminar and segmental distribution of all 
spinothalamic neurons was studied (chapter 7), it was found that at least fi ve clusters 
of neurons project from the spinal cord to the thalamus. The location of these clusters 
showed remarkable similarities to the location of spino-PAG neurons, which had been 
described by Mouton and Holstege (2000). Although the similarities between the 
location of spinothalamic clusters and spino-PAG clusters were striking, further study 
also revealed differences. 
Three studies were performed to specifi cally compare spinothalamic projections with 
spino-PAG projections. Comparisons were made between the number of lamina I 
neurons projecting to the thalamus, to the PAG and to the parabrachial nuclei (PBN), 
and it was found that more lamina I cells project to PBN and PAG than to the thalamus 
(chapter 8). In chapter 9 the number and precise location of the cells in the upper 
cervical spinal cord  projecting to PAG or thalamus were described. Furthermore 
projections from the lateral sacral cord to the PAG, and the lack of these projections 
to the thalamus, were demonstrated (chapter 10). 
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Nucleus retroambiguus projections to the
periaqueductal gray in the cat

Esther-Marije Klop, Leonora J. Mouton and Gert Holstege

J. Comp. Neurol.; 445(1): 47-58 (2002)

ABSTRACT
The nucleus retroambiguus (NRA) of the caudal medulla is a relay nucleus by which neurons 
of the mesencephalic periaqueductal gray (PAG) reach motoneurons of pharynx, larynx, 
soft palate, intercostal and abdominal muscles and several muscles of the hindlimbs. These 
PAG-NRA-motoneuronal projections are thought to play a role in survival behaviors, such as 
vocalization and mating behavior. The present combined antero- and retrograde tracing 
study in the cat tried to determine whether the NRA, apart from the neurons projecting to 
motoneurons, also contains cells projecting back to the PAG. After injections of WGA-HRP in 
the caudal and intermediate PAG labeled neurons were observed in the NRA with a slight 
contralateral preponderance. In contrast, after injections in the rostral PAG or adjacent deep 
tectal layers no or very few labeled neurons were present in the NRA. 
After injection of [3H]-leucine in the NRA, anterograde labeling was present in the most caudal 
ventrolateral and dorsolateral PAG, and slightly more rostrally in the lateral PAG, mainly 
contralaterally. When the [3H]-leucine injection site extended medially into the medullary 
lateral tegmental fi eld, labeling was found in most parts of the PAG, as well as in the adjoining 
deep tectal layers. No labeled fi bers were found in the dorsolateral PAG and only a few were 
found in the rostral PAG.
Because the termination pattern of the NRA fi bers in the PAG overlaps with that of the sacral 
cord projections to the PAG, it is suggested that the NRA-PAG projections play a role in the 
control of motor functions related to mating behavior.

INTRODUCTION
The motor system can be subdivided into the somatic and the emotional motor system 
(EMS; Holstege, 1997). The pathways belonging to the EMS originate in brain regions 
that take part in, or are related to, the limbic system. One of the key structures of the 
EMS is the periaqueductal gray (PAG), which is involved in basic survival behaviors. 
Electrophysiological or chemical stimulation in the PAG can elicit motor activities 
including changes in blood pressure and heart rate (Bandler et al., 1991; Bandler 
and Keay, 1996; Lovick, 1996), respiration (Davis and Zhang, 1991; Lovick, 1993), 
micturition (Blok and Holstege, 1996), vocalization (Kanai and Wang, 1962; Jürgens 
and Pratt, 1979; Larson, 1985; Bandler et al., 1991; Jürgens and Lu, 1993, Jürgens, 1994) 
and mating behavior (Sakuma and Pfaff, 1979; Pfaff et al., 1994). The anatomical 
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NRA

NRA

framework for the PAG control of vocalization and mating behavior are its projections 
to the nucleus retroambiguus (NRA; Holstege, 1989), a cell group in the ventrolateral 
portion of the most caudal medulla oblongata (Fig. 1; Olszewski and Baxter, 1954; 
Taber, 1961; Merrill, 1970). The NRA, in turn, projects to the brainstem motoneurons of 
the pharynx, larynx, and soft palate in the nucleus ambiguus (Holstege, 1989), as well 
as to the spinal cord motoneurons of the internal intercostal and abdominal muscles 
(Merrill, 1970; Holstege and Kuypers, 1982; Feldman et al., 1985; Miller et al., 1985; 
Merrill and Lipski, 1987, Billig et al., 1999; Boers and Holstege, 1999; Kirkwood et al., 
2000; VanderHorst et al., 2000). The NRA also projects to cervical and lumbosacral 
motoneurons (hamster: Gerrits and Holstege, 1999; Gerrits et al., 2000; cat: VanderHorst 
and Holstege, 1995; monkey: VanderHorst et al., 2000b) involved in eliciting species 
specifi c mating postures. Thus, the NRA contains premotor interneurons projecting to 
distinct sets of motoneuronal cell groups. The PAG gains access to these motoneurons 
involved in vocalization and mating posture via a relay through the NRA. The question 
arises whether the NRA exclusively contains premotor interneurons, or also neurons 
projecting to non-motoneuronal cell groups such as the PAG, where it receives so 
many afferents from. 
In order to investigate the possibility of the existence of NRA-PAG projections, a 
combined retro- and anterograde tracing study was done. Because neurons in 
the caudal medullary tegmentum adjacent to the NRA also project to the PAG 
(in rat: Loewy et al., 1981; Beitz, 1982 and 1989; Herbert and Saper, 1992; in rabbit: 
Meller and Dennis, 1986; in monkey: Mantyh, 1982), in an anterograde tracing 
study of an NRA-PAG projection, it is important that such cells not be involved in 
the NRA injections. Furthermore, the anterograde tracer cannot be one that also is 
transported retrogradely. Therefore, the tracer [3H]-leucine was used, that exclusively 
anterogradely labels fi bers and terminals, and which also has the advantage that 
there is no uptake of tracer by fi bers of passage.

Figure 1. Brightfi eld photomicrographs showing the nucleus retroambiguus (NRA) in a Nissl-
stained section. Bar represents 250 µm.
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MATERIALS AND METHODS
Retrograde tracing study
Surgical procedures
A total of 8 female cats was used. The surgical procedures, pre- and postoperative 
care, as well as the handling and housing of the animals followed protocols approved 
by the Faculty of Medicine of the University of Groningen. The animals were initially 
anesthetized with intramuscular ketamine (Nimatek, 0.1 ml/kg) and xylazine 
(Sedamun, 0.1 ml/kg), and subsequently ventilated with a mixture of O2, N2O (1:2) 
and 1-2% halothane, while ECG and body temperature were monitored. In 7 cases 
40-200nl 2.5% wheat germ agglutinin-conjugated horseradish peroxidase (WGA-HRP) 
in saline was injected into the PAG, and in one control case (2338) approximately 150 
nl WGA-HRP was injected in the deep layers of the superior colliculus lateral to the 
PAG. Injections were made using a glass micropipette with a pneumatic picopump 
(World Precision Instruments PV830). All injections were made stereotaxically, using 
Berman’s (1968) atlas. In order to reach the PAG (2367 and 2385) or the tectum (2338) 
in 3 cases, the pipette went through the superior colliculus and in three other cases 
through the inferior colliculus (2300, 2401, and 2411). In two cases (2471 and 2479) the 
PAG was reached via the cerebellum. 
Following a survival time of 3 days the animals were initially anesthetized with 
intramuscular ketamine (Nimatek, 0.1ml/kg) and xylazine (Sedamun, 0.1ml/kg), 
followed by an overdose (6-10ml) of intraperitoneal 6% pentobarbital sodium. 
Subsequently, they were perfused transcardially with 2 liters of 0.9% saline at 37°C, 
immediately followed by 2 liters of 0.1M phosphate buffer (pH 7.4), containing 4% 
sucrose, 1% paraformaldehyde and 2% glutaraldehyde.

Histological procedures
After perfusion the brain and spinal cord were removed, post-fi xed for two hours 
and stored overnight in 20% sucrose in phosphate buffer at 4°C. Subsequently, the 
brainstem was frozen in an isopentane bath (-55°C) and cut on a cryostat microtome 
into 40µm frozen sections. Of these, every fourth section was incubated according 
to the tetramethyl benzidine (TMB) method (Mesulam, 1978; Gibson et al., 1984). All 
sections were mounted on chromalum-gelatine coated slides, dried, dehydrated and 
coverslipped with Permount mounting medium. In order to defi ne the extent of the 
injection site, an extra series of sections was incubated with diaminobenzidine (DAB). 
The injection sites were plotted using a drawing tube connected to a Zeiss brightfi eld 
stereomicroscope.

Quantifi cation and visualization of retrogradely labeled neurons in the caudal 
medulla 
In order to determine the exact location and number of the labeled neurons in the 
NRA after a WGA-HRP injection in the PAG or tectum, in each case the retrogradely 
labeled NRA neurons were plotted and counted, using a drawing tube connected to 
a Zeiss Axioplan with darkfi eld polarized illumination. 
In addition to the retrogradely labeled neurons in the NRA, the locations of the 
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other retrogradely labeled cells in the caudal medulla were plotted at fi ve different 
rostrocaudal levels caudal to the obex (between P 15.0 and P 18.5 according to 
Berman’s (1968) atlas). The plottings were made with the aid of the Neurolucida 
System of MicroBrightField, Inc. (Colchester, USA). 

Anterograde tracing study
Surgical procedures
In 7 female cats (cases 1019, 1183, 1471, 1472, 1571, 1683, 1684) the caudal 
brainstem, involving the lateral tegmental fi eld and/or the NRA, was injected using 
the autoradiographic tracer L-[4,5-3H]-leucine (specifi c activity > 100 Ci/mmol). 
The injections were made stereotaxically using a Hamilton microsyringe fi tted 
with a 22-gauge needle. In all cases 0.25-0.5µl containing 50 µCi [3H]-leucine was 
injected over a period of 5 minutes, after which the needle was left in place for an 
additional 30 minutes to minimize the spread along the needle track. After a survival 
period of six weeks (Holstege, 1979) the animals were deeply anesthetized with 6-
10ml of 6% intraperitoneal pentobarbital and perfused with saline followed by 4% 
paraformaldehyde. 

Histological procedures
The brain and spinal cord were postfi xed in 4% paraformaldehyde for at least 1 week, 
after which they were cut into 25µm transverse frozen sections. One series of every 
tenth section was mounted, coated with Ilford G5 emulsion by dipping, and stored in 
the dark at 5°C for 3 months (Cowan et al., 1972; Holstege, 1979). Subsequently the 
material was developed with Kodak D19 at 16°C, fi xed and counterstained with cresyl 
violet. The injection area in all experiments was defi ned as that area in which the silver 
grains over the cell bodies were either as numerous as, or more numerous than, the 
surrounding neuropil (Holstege et al. 1977 and 1979).

Visualization of the anterogradely labeled fi bers in the PAG
Silver grains representing anterogradely labeled fi bers and nerve terminals in the PAG 
were studied using a Wild darkfi eld stereomicroscope. Darkfi eld photomicrographs 
were taken using a Zeiss Axiocam digital photocamera, attached to a Zeiss 
stereomicroscope, using Axiovision software. These digital photomicrographs were 
further processed using Adobe PhotoShop software.

RESULTS
Retrograde tracing study
Injection sites in the PAG
In a total of 8 cases injections were made in the PAG and/or adjacent deep tectal 
areas (Fig. 2). In the drawings of Fig. 2 the core of the injections is shown in black. In 
three of these cases (2367, 2385 and 2411) the injection sites involved large parts of 
the PAG, in case 2367 the rostral PAG, and in cases 2385 and 2411 the intermediate 
and caudal PAG. 
In 4 of the 8 cases smaller injections were placed in the PAG at the intermediate and/
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Figure 2. Darkfi eld and brightfi eld photomicrographs showing the WGA-HRP injection sites in 
the periaqueductal gray and deep tectum (cases 2411, 2300, 2471 and 2338). Bar represents 
1 mm. 

or caudal level, involving the dorsolateral (case 2479) and lateral and/or ventrolateral 
parts (cases 2300, 2401 and 2471). In 2300 and 2401, the injections extended slightly 
into the laterally adjoining deep tectal layers. In a control case 2338, an injection was 
made, almost exclusively involving the deep layers of the superior colliculus at the 
level of the rostral and intermediate PAG with only very limited involvement of the 
lateral PAG. 

Retrogradely labeled neurons in the medulla oblongata caudal to the obex
In the case with the large injection site involving the rostral PAG (2367) some labeled 
cells were found in the medial and lateral tegmental fi eld, but almost none in the NRA 
(Figs. 3, 5 and Table 1). A few labeled neurons were found at this level bilaterally in the 
commissural nucleus of the nucleus of the solitary tract (Fig. 3, case 2367: C). 
In case 2385 with a large injection site in the caudal and intermediate PAG retrogradely 
labeled neurons were observed in the dorsal column nuclei and medially in the 
tegmentum, especially at the most caudal medullary levels (Fig. 3, case 2385: C, D and 
E). This distribution pattern was found bilaterally, with a contralateral preponderance. 

2471

2411

2300

2338
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Figure 3. Drawings of fi ve transverse sections of the medulla oblongata at the levels between 
P15.0 and P18.5. One dot represents one WGA-HRP labeled cell. Each drawing represents one 
40 µm transverse section. The caudal spinal trigeminal nucleus together with the tegmentum in 
the medulla caudal to the obex were subdivided into different laminae according to Gobel and 
Hockfi eld (1977). CU, cuneate nucleus; GR, gracile nucleus; IO, inferior olive; LRN, lateral reticular 
nucleus; LTF, lateral tegmental fi eld; NRA, nucleus retroambiguus; NTS, nucleus of the solitary 
tract; P, pyramidal tract; spV, spinal trigeminal nucleus; XII, hypoglossal nucleus. 
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Table 1: Numbers and percentages of labeled neurons in the NRA    
    
case   ipsilateral  contralateral  total
 number percentage number percentage 
      
2300 11 37.9% 18 62.1% 29
2367 4 80.0% 1 20.0% 5
2385 35 34.3% 67 65.7% 102
2401 41 41.4% 58 58.6% 99
2411 27 43.5% 35 56.5% 62
2471 12 44.4% 15 55.6% 27
2479 17 51.5% 16 48.5% 33
      
control injection     
2338 0 (-) 0 (-) 0

Figure 4. Drawing and darkfi eld photomicrograph of a transverse section of the caudal brain-
stem (P 16.8) in case 2385. The photomicrograph represents the area indicated by the gray box 
in the drawing of the medulla oblongata and shows labeled neurons in the nucleus retroambi-
guus after a WGA-HRP injection in the caudal and intermediate PAG. Bar represents 200 µm. CU, 
cuneate nucleus; GR, gracile nucleus; NRA, nucleus retroambiguus; NTS, nucleus of the solitary 
tract; spV, spinal trigeminal nucleus. 

GR
CU

spV

NRA

NTS

2385

Neurons were also found in the lateral part of the tegmentum, including the NRA 
(Figs. 3, 4 and 5). When the injection was limited to the ventrolateral PAG (case 2401), 
a similar distribution pattern was found, except that only a small number of neurons 
was present in the medial tegmentum. After a very small PAG injection (case 2471), 
exclusively involving the medial portion of the ventrolateral part of the PAG, in the 
caudal medulla labeled neurons were only observed in the NRA (Fig. 5 and Table 1) 
and not in the adjoining tegmental fi eld. In the tectum injected control case (2338), 
retrogradely labeled neurons were found in the lateral part of the dorsal column 
nuclei, and a few in the tegmentum, but none in the NRA (Figs. 3, 5 and Table 1).
In summary, in all cases, except for the tectum injected case, labeled neurons were 
present in the NRA, bilaterally with a slight contralateral preponderance. After a very 
small injection in the ventrolateral PAG labeled cells were exclusively present in the 
NRA. 
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Figure 5. Drawings of labeled neurons in the contra- and ipsilateral nucleus retroambiguus after 
WGA-HRP injections in the periaqueductal gray and/or the tectum. Note that one drawing of 
the nucleus retroambiguus represents six consecutive 40µm sections (of a 1:4 series). One dot 
represents one labeled neuron.
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Anterograde tracing study
Injection sites
Figures 6 and 7 show the [3H]-leucine injection sites in the caudal brainstem. In two 
cases (1571 and 1683), although the bulk was in the white matter, the injection sites 
extended medially into the NRA, but not into the medially adjoining tegmentum. In 
four cases (1471, 1183, 1019 and 1684) the injections in the lateral tegmental fi eld 
extended laterally into the NRA. In one control case (1472) the injection site did not 
involve the NRA. In cases 1471 and 1472, the injection sites extended also into the 
cuneate and the caudal spinal trigeminal nuclei.

1471 1472 1683

Figure 6. Brightfi eld photomicrographs showing the [3H]-leucine injection sites in the caudal me-
dulla oblongata (cases 1471, 1472 and 1683). Bar represents 1 mm.

Labeled fi bers in the PAG
The injections involving substantial portions of the tegmentum resulted in stronger 
projections to the PAG than the ones limited to the NRA. The strongest PAG projections 
were found in case 1471, in which labeled fi bers were distributed to all parts of the 
intermediate PAG, except its dorsolateral and ventromedial regions. Labeled fi bers 
were also found in the adjoining deep tectal layers (Fig. 8 left). The other cases 
with large injections in the tegmental fi eld involving the NRA (cases 1019 and 1183) 
showed a similar, but weaker projection pattern. Also, in control case 1472 (Fig. 8 
right) a similar, somewhat weaker projection pattern was present, possibly because 
the NRA and the cell group medial to the NRA were not injected. In the cases with 
white matter injections extending into the NRA, but not in its adjoining regions (cases 
1683 and 1571), rather weak projections were found (Figs. 9-10). In these two cases 
labeled fi bers were observed to terminate in the ventromedial and dorsolateral parts 
of the most caudal PAG near its central border and in the lateral part of the caudal-
intermediate PAG. Further rostrally in the PAG no labeled fi bers were found. When 
the injection extended further medially into the lateral tegmental fi eld (case 1684), 
labeled fi bers were also found in the more rostral lateral and dorsomedial parts of the 
PAG.
In conclusion, the anterograde tracing results show that the NRA contains neurons 
that project to the caudal and intermediate PAG. In the caudal PAG, NRA fi bers 
terminated exclusively in small regions of its ventrolateral and dorsolateral parts, and 
in the intermediate PAG in its lateral part. Larger injections in the caudal medulla 
resulted in projections to larger PAG regions and adjoining deep tectal layers, but not 
to the dorsolateral PAG. 
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Figure 7. Drawings of the location of the [3H]-leucine injection sites in the 7 cases used in the 
anterograde tracing study
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Figure 8. Darkfi eld photomicrographs of the periaqueductal gray and adjoining deep tectal 
layers after injections of [3H]-leucine in the cases 1471 and 1472. Bar represents 1 mm.
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Figure 9. Darkfi eld photomicrographs 
of the caudal periaqueductal gray 
after injection of [3H]-leucine in  case 
1683. Bar represents 1 mm.
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DISCUSSION
The nucleus retroambiguus (NRA) is known to contain neurons that receive afferents 
from the periaqueductal gray (PAG) and project to motoneurons particularly involved 
in vocalization (Holstege, 1989), vomiting (Miller et al., 1985), respiration (Merrill and 
Lipski, 1987) and lordosis posture (VanderHorst and Holstege, 1995). The present results 
demonstrate for the fi rst time that the NRA also contains cells that project to other 
structures than motoneuronal cell groups, in casu the PAG.
The retrograde tracing results of this study, as well as those of others (Meller and Dennis 
(1986) in the rabbit, Beitz (1982) and Herbert and Saper (1992) in the rat and Mantyh 
(1982) in the monkey) show that the NRA is not the only source of caudal medullary 
afferents to the PAG, because the PAG also receives afferents from cells medial to 
the NRA.
It means that interpretation of the anterograde results must take into account that 
some of the injection sites in the NRA involve some PAG projecting cells in medially 
adjoining tegmental cell groups. However, in cases 1571 and 1683 the injection sites 

Figure 10. Darkfi eld photomicrograph 
of the contralateral caudal periaque-
ductal gray after injection of [3H]-leu-
cine in  case 1683. Bar represents 500 
µm.

B

1683



31

NRA-PAG projections

pelvic afferents

NRA

bladder
colon

pelvic floor

     muscles 
for mating behavior

PAG

sacral cord

medulla

mesencephalon

lumbar cord

Figure 11. Schematic representation of 
projections possibly involved in mating 
behavior. The nucleus retroambiguus-pe-
riaqueductal gray pathway, described in 
the present study, is shown in black.

are mainly located in the white matter lateral to the NRA, involving the NRA itself, 
but not the more medially located parts of the tegmentum. In these two cases well 
defi ned termination patterns were observed, but of limited strength. The reason for 
the relatively weak projections are the small injections and the limited number of NRA 
cells projecting to the PAG. The retrograde study revealed that, in a series of 1:4, 
a maximum of 67 contralateral NRA cells were found to project to the PAG, while, 
according to  VanderHorst and Holstege (1995), a maximum of 334 contralateral 
neurons in the NRA projected to the lumbosacral cord. Apparently, approximately 
fi ve times as many NRA cells project to lumbosacral cord as to the PAG. 
The results also indicate that in almost all cases the contralateral NRA projection to the 
PAG is stronger than the ipsilateral one (Table 1), which is also the case for the NRA 
projections to motoneurons (Holstege, 1989; VanderHorst and Holstege, 1995).
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The possibility exists that the injection sites in case 1571, 1683 and 1684 involve some 
of the catecholaminergic cells of the A1 cell group that project to the PAG. However, 
Herbert and Saper (1992) in the rat showed that only a small portion of these cells 
projects to the PAG. Moreover, in the cat, the majority of these catecholaminergic 
cells is located more rostrally in the caudal medulla than the three injection sites 
(Jones and Friedman, 1983; Blessing et al., 1980). Furthermore, according to Jones 
and Friedman (1983) and Blessing et al. (1980) the catecholaminergic neurons are 
located ventrolaterally to the NRA, while the retrograde tracing results show that most 
of the PAG projecting neurons are located in the NRA or medially to it. In conclusion, 
a catecholaminergic projection to the PAG may take part in the projections 
demonstrated in this paper, but its role seems to be of minor importance.

The projection from the NRA to the PAG is limited to exclusively the ventrolateral and 
dorsolateral parts of the caudal PAG and the lateral part of the caudal half of the 
intermediate PAG. This projection pattern overlaps with the PAG projections from the 
various parts of the spinal cord. However, most of the spinal projections also terminate 
in the deep collicular layers and more rostral parts of the PAG (cat: Wiberg and 
Blomqvist, 1984b; Björkeland and Boivie, 1984; monkey: Wiberg et al., 1987). The only 
spinal projection pattern in the PAG that precisely corresponds with that of the NRA 
is the projection from lamina I and the lateral parts of laminae V and VII of the sacral 
cord (see Fig. 18A in VanderHorst et al., 1996). This sacral region receives genital and 
pelvic fl oor afferents and one might speculate that both the sacral cord and NRA 
afferents to the PAG play a role in the control of motor functions related to mating 
behavior (Fig. 11). 
The projection pattern of the NRA fi bers does not overlap extensively with the PAG cell 
groups from where the descending motor output systems originate (Holstege, 1989). 
It suggests that interneurons within the PAG play a role in relaying the ascending 
afferent information to the motor output systems in the PAG. Perhaps this ascending 
information is integrated with the strong descending projections from the many limbic 
areas and the prefrontal cortex, before it infl uences the motor systems in the PAG.
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Two parts of nucleus prepositus hypoglossi project 
to two different subdivisions of the dorsolateral 

periaqueductal gray in cat

Esther-Marije Klop, Leonora J. Mouton, Thomas Ehling and Gert Holstege
J. Comp. Neurol.; in press

ABSTRACT 
The dorsolateral column of the mesencephalic periaqueductal gray (PAG) is a separate part 
of the PAG. Its afferent sources, efferent targets and neurochemical properties differ from 
the adjacent PAG columns. The dorsolateral PAG is thought to be associated with aversive 
behaviors, but it is not yet understood how these behaviors are brought about. 
In order to further elucidate its function, in the present study we investigated which brainstem 
regions project to the dorsolateral PAG. Wheatgerm agglutinin-horseradish peroxidase (WGA-
HRP) injections involving the dorsolateral PAG, but extending into the lateral part, resulted 
in many retrogradely labeled cells in the pontine and medullary tegmentum bilaterally. 
However, it was concluded that these neurons were labeled from the lateral PAG, because 
no anterograde labeling was found in the dorsolateral PAG after a large injection into the 
tegmentum. Retrogradely labeled cells were also found in the nucleus prepositus hypoglossi 
(PPH), mainly contralaterally. Injections of [3H]-leucine or WGA-HRP in the PPH resulted in 
anterogradely labeled fi bers in the dorsolateral PAG. Two separate distribution patterns were 
found. The caudal and intermediate PPH projected to a small region on the dorsolateral edge 
of the dorsolateral column, while the supragenual PPH distributed labeled fi bers to all other 
parts of the dorsolateral PAG, except the area on the dorsolateral edge. These separate PPH 
projections suggest that there exist two subdivisions within the dorsolateral PAG. The present 
fi ndings suggest a role for the dorsolateral PAG in the oculomotor system. 

INTRODUCTION
The mesencephalic periaqueductal gray (PAG) plays a pivotal role in the output of 
the limbic system. It is well known for its role in nociception control (Mayer et al., 1971; 
Liebeskind et al., 1973; Vanegas and Schaible, 2004) and emotional motor output 
(Holstege et al., 2004). Stimulation of the PAG in animals can elicit several integrated 
defensive behaviors as aggression or freezing (Bandler and Depaulis, 1991; Carrive, 
1993), but also more specifi c motor functions as vocalization (Kanai and Wang, 1962), 
adopting mating posture (Sakuma and Pfaff, 1979) and micturition (Blok and Holstege, 
1996). 
The PAG receives many afferents from major parts of the prefrontal cortex (Shipley 
et al., 1991), but also from the hypothalamus (Mantyh, 1982; Berk and Finkelstein, 
1982; Holstege, 1987; Shipley et al., 1991), amygdala (Hopkins and Holstege, 1978; 
Mantyh, 1982), bed nucleus of the stria terminalis (Holstege et al., 1985) and several 
other limbic structures. Other afferents originate from large parts of brainstem and 
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spinal cord (Mantyh, 1982; Bjorkeland and Boivie, 1984; Bandler and Tork, 1987; 
Yezierski and Mendez, 1991; Herbert and Saper, 1992; Mouton and Holstege, 2000). In 
turn, the PAG projects very strongly to the ventromedial tegmentum of caudal pons 
and medulla, with neurons that project to dorsal and ventral parts of the spinal gray 
matter throughout the length of the spinal cord. These PAG-medial brainstem-spinal 
cord projections are involved in level setting systems, including nociception control. 
In addition, the PAG projects to more laterally located brainstem structures involved 
in more specifi c behaviors (for review, see Holstege et al., 2004). 
The dorsolateral PAG (PAGdl) differs from the adjacent columns of the PAG. PAGdl 
has been defi ned as a wedge-shaped column that has a signifi cant presence in the 
rostral and intermediate parts of the PAG and gradually diminishes in the caudal 
parts (Bandler et al., 1991; Bandler and Shipley, 1994). PAGdl has frequently been 
identifi ed by the presence of numerous nicotinamide dinucleotide phosphate 
diaphorase (NADPH-d) positive cells (fi g. 1; Mizukawa et al., 1989; Herbert and Saper, 
1992; Carrive and Paxinos, 1994; Floyd et al., 2000). In contrast to the dorsomedial, 
lateral and ventrolateral parts of the PAG, PAGdl does not receive afferents from 
most limbic regions, such as amygdala (Hopkins and Holstege, 1978) and bed nucleus 
of the stria terminalis (Holstege et al., 1985), brainstem or spinal cord (Wiberg and 
Blomqvist, 1984b; Illing and Graybiel, 1986; Mouton and Holstege, 2000) and does 
not give rise to the descending projections to brainstem and spinal cord (Illing and 
Graybiel, 1986; Yezierski and Mendez, 1991; Cowie and Holstege, 1992). On the other 
hand, some distinct brain areas project exclusively or mainly to PAGdl, such as areas 
10m, 25 and 32 of the caudal medial prefrontal cortex (Hardy and Leichnetz, 1981; 
Illing and Graybiel, 1986; An et al., 1998; Freedman et al., 2000; Floyd et al., 2000) and 
the ventromedial hypothalamic nucleus (Canteras et al., 1994; Roeling et al., 1994), or 
receive input from only this part of the PAG, such as the cuneiform nucleus (Redgrave 
et al., 1988).
Besides its distinct afferent and efferent projection systems, PAGdl also differs from 
other parts of the PAG with respect to its neurochemistry. For example, NADPH-d 
(fi g. 1) and cholecystokinin (Liu et al., 1994) are specifi cally present in PAGdl, while 
cytochrome oxidase (Conti et al., 1988) is found in almost all parts of the PAG, except 
PAGdl. 
Functionally, PAGdl has been associated with defensive and aversive responses, 
such as threat and confrontational behaviors (rostral PAGdl) or fl ight (caudal PAGdl) 
accompanied by changes in heart rate, blood pressure and regional blood fl ow (for 
review, see Keay and Bandler, 2001; Vianna and Brandao, 2003), but it is not known 
how PAGdl coordinates these behaviors. In order to further elucidate its function, we 
have investigated which pontine and medullary regions specifi cally project to PAGdl. 
From the results it appeared that the only region in pons and medulla that projects to 
PAGdl is the nucleus prepositus hypoglossi (PPH). Projections from this nucleus were, 
therefore, investigated further.

MATERIALS AND METHODS
A total of seventeen cats was used. The surgical procedures, pre- and postoperative 
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care, as well as the handling and housing of the animals followed protocols approved 
by the Faculty of Medicine of the University of Groningen.

WGA-HRP injections in the mesencephalon
Surgical procedures
The animals were initially anesthetized with intramuscular ketamine (Nimatek, 0.1 ml/
kg) and xylazine (Sedamun, 0.1 ml/kg), and subsequently ventilated with a mixture 
of O2 and N2O (1:2) and halothane (1-2%), while ECG and body temperature were 
monitored. In three cases injections of 40-120nl 2.5% WGA-HRP were made in the dorsal 
parts of the PAG. In one control case (2182) 100nl was injected into the ventrolateral 
PAG and in another control case (2338) approximately 150nl WGA-HRP was injected 
into the deep tectal layers laterally adjoining the PAG. Injections were made using 
a glass micropipette with a pneumatic picopump (World Precision Instruments 
PV830) or a Hamilton syringe (case 2182). All injections were made stereotaxically 
using Berman’s (1968) atlas. In two cases (2395 and 2338), the PAG or tectum was 
approached dorsally and the pipette passed through the superior colliculus. In 
cases 2182 and 2300 the PAG was approached dorsolaterally through the inferior 
colliculus and in case 2479 the pipette passed through the cerebellum and fourth 
ventricle. After a survival period of three days the animals were initially anesthetized 
with intramuscular ketamine (Nimatek, 0.1 ml/kg) and xylazine (Sedamun, 0.1ml/
kg), followed by an overdose (6-10ml) of intraperitoneal 6% pentobarbital sodium. 

Figure 1. NADPH-d staining according to the methods of Carrive and Paxinos (1994) in the dorsal 
midbrain. Note that NADPH-d is present in the dorsolateral PAG (PAGdl), but also in the nucleus 
Edinger-Westphal (EW), the supraoculomotor cap (Su3C), the deep layers of the superior 
colliculus (SC), the dorsal raphe nucleus (DR), and the laterodorsal tegmental nucleus (LDT). Bar 
represents 1mm.
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Subsequently, they were perfused transcardially with 2 liters of 0.9% saline at 37°C, 
immediately followed by 2 liters of 0.1M phosphate buffer (pH 7.4), containing 4% 
sucrose, 1% paraformaldehyde and 2% glutaraldehyde.

Histological procedures
After perfusion the brains were removed, post-fi xed for two hours and stored 
overnight in 25% sucrose in phosphate buffer at 4°C. Subsequently, the brainstem was 
cut into 40µm frozen sections of which every fourth or every fi fth (case 2182) section 
was incubated according to the tetramethyl benzidine (TMB) method, dehydrated 
and coverslipped. An extra series of sections of the area containing the PAG was 
incubated with diaminobenzidine (DAB) in order to defi ne the extent of the injection 
sites. The injection sites were plotted using a drawing tube connected to a Zeiss 
brightfi eld stereomicroscope. 

Visualization of the retrogradely labeled cells 
Retrogradely labeled neurons in pons and medulla were studied using darkfi eld 
polarized illumination. Labeled neurons in the PPH were plotted in each case using 
a drawing tube connected to a Zeiss Axioplan. Photomicrographs were taken with a 
digital camera and minor adjustments in contrast and brightness were made using 
Adobe PhotoShop software.

WGA-HRP control injection in the pontine and medullary tegmental fi eld
In one case (2593) a control injection was made in the pontine and medullary 
tegmental fi eld. A total of approximately 700nl WGA-HRP was injected at different 
levels of the brainstem. Injections were made under visual guidance after removing 
the occipital bone overlying the cerebellum while the head of the cat was tilted, and 
after shifting the caudal part of the cerebellum slightly upwards, in order to visualize 
the dorsal surface of the brainstem. The survival time in this case was 72 hours. All 
other surgical and histological procedures were the same as in the WGA-HRP injected 
cases used in the retrograde tracing experiments described above. 

 [3H]-leucine injections in PPH
Surgical procedures
In six cats injections of L-[4,5-3H]-leucine (specifi c activity > 100 Ci/mmol) were made 
in the PPH and adjoining parts of the dorsal brainstem. The cats were anesthetized 
using pentobarbital, while heart rate and body temperature were monitored. The 
injections of 0.25-0.5µl containing 50 µCi [3H]-leucine were made stereotaxically using 
Berman’s (1968) atlas with a Hamilton microsyringe fi tted with a 22-gauge needle. 
The tracer was injected over a period of 5 minutes, after which the needle was left in 
place for an additional 30 minutes. After a survival period of one day (case 1499), one 
week (case 1498) or two to six weeks (cases 1129, 1181, 1452 and 1061) the animals 
were deeply anesthetized with pentobarbital and perfused transcardially with saline 
followed by 4% paraformaldehyde. 
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Histological procedures
The brainstems were postfi xed in 4% paraformaldehyde for at least one week, after 
which they were cut into 25µm frozen sections. One series of every tenth section was 
mounted, coated with Ilford G5 emulsion by dipping, and stored in the dark at 5°C for 
three months (Cowan et al., 1972; Holstege et al., 1979). Subsequently, the material 
was developed with Kodak D19 at 16°C, fi xed and counterstained with cresyl violet. 
The injection area in all experiments was defi ned as that area in which the silver 
grains over the cell bodies were either as numerous as, or more numerous than, the 
surrounding neuropil (Holstege et al., 1977; Holstege et al., 1979).

Visualization of the anterogradely labeled fi bers in the midbrain
Silver grains representing anterogradely labeled fi bers and nerve terminals in the 
midbrain were studied using darkfi eld illumination. Darkfi eld photomicrographs were 
made with a digital camera, attached to a Zeiss Stemi SV 11 stereomicroscope. These 
digital photomicrographs were further processed using Adobe PhotoShop software. 

WGA-HRP injections in the PPH
Surgical procedures
In fi ve cases (2536, 2539, 2538, 2541 and 2543) injections with a total of approximately 
150nl WGA-HRP were made at different levels of the PPH. The injections were made 
under visual guidance after removing the occipital bone overlying the cerebellum 
while the head of the cat was tilted, and after shifting the caudal part of the 
cerebellum slightly upwards, in order to visualize the fl oor of the fourth ventricle. The 
survival time in these cases was 48 hours. All other surgical, histological, microscopic 
and photographic procedures were the same as in the WGA-HRP injected cases used 
in the retrograde tracing experiments described above. 

RESULTS
Injection sites in the mesencephalon
In cases 2300, 2395 and 2479 WGA-HRP injections involved PAGdl (fi gs. 2 and 3). In all 
three cases the injections also extended into the lateral PAG, although in case 2395 
only to a limited extent. In case 2479 the injection was within the confi nes of the PAG, 
but in cases 2300 and 2395 the injection site extended into the adjoining parts of the 
deep tectum. In two control cases the injection sites did not involve PAGdl, but the 
ventrolateral part of the intermediate and caudal PAG extending into the cuneiform 
nucleus and inferior colliculus (control case 2182) or the deep tectal layers extending 
slightly into the rostral lateral and dorsolateral PAG (control case 2338).

Labeled neurons in the tegmental fi eld of pons and medulla
In three cases with injections involving PAGdl, but also the lateral PAG (cases 2300, 
2395 and 2479), retrogradely labeled cells in the caudal pons and medulla were found 
bilaterally in the medial and lateral tegmentum. At caudal medullary levels labeled 
neurons were found in the solitary, gracile and cuneate nuclei, mainly contralaterally. 
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Figure 2. Drawings of the location of the WGA-HRP injection sites in the 5 cases used in the 
retrograde tracing study. The cores of the injection sites are indicated in black. IC, inferior 
colliculus; P, pyramidal tract; PAG, periaqueductal gray; PP, pes pedunculi; RN, red nucleus; SC, 
superior colliculus; SN, substantia nigra; III, oculomotor nucleus; IV, trochlear nucleus.

aq

SC

MGN

SC

aq

III IV

2338 2395

PAG

Figure 3. Brightfi eld photomicrographs showing the WGA-HRP injection sites in tectum (case 
2338) and periaqueductal gray (case 2395). Aq, midbrain aqueduct; MGN, medial geniculate 
nucleus; PAG, periaqueductal gray; SC, superior colliculus; III, oculomotor nucleus; IV, trochlear 
nucleus. Bar represents 1mm.
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In cases with spread to the tectum (2300 and 2395) some labeled cells were also 
found bilaterally in the spinal trigeminal nucleus

No anterogradely labeled fi bers in PAGdl in control case 2593
After an control injection covering large parts of the pontine and medullary tegmental 
fi eld and involving the solitary, gracile, cuneate and spinal trigeminal nuclei almost no 
labeled fi bers were found in PAGdl, while the other columns of the PAG contained 
many labeled fi bers and neurons (fi g. 4). It was, therefore, concluded that the 
retrogradely labeled cells found in the tegmental fi eld of pons and medulla in cases 
2300, 2395 and 2479 were labeled from the lateral PAG and not from PAGdl.

Labeled neurons in the PPH 
Besides retrogradely labeled neurons in the pontine and medullary tegmental fi eld, in 
all cases with mesencephalic injections, including the control cases (2182 and 2338), 
retrogradely labeled cells were found in the PPH (table 1), a cell group located in 
the dorsal part of the medulla and pons, in the fl oor of the fourth ventricle. The most 
rostral subnucleus of the PPH is called the nucleus supragenualis nervi facialis (Taber, 
1961; Brodal, 1983), and is located dorsally and laterally from the genu of the facial 
nerve (fi g. 5). Retrogradely labeled neurons were found throughout the rostrocaudal 
extent of the contralateral PPH in all cases, including its supragenual part (arrows in 
fi g. 6, and fi g. 7). In case 2479, with an injection in the central and not in the peripheral 
part of the dorsolateral PAG, few labeled neurons were found in the caudal PPH. 
Ipsilaterally in the PPH only a very limited number of retrogradely labeled cells were 
found, with the exception of the tectum injected control case (2338), in which many 
labeled neurons were also observed in the ipsilateral PPH.

Figure 4. Darkfi eld photomicrographs of antero- and retrograde labeling in the periaqueductal 
gray (PAG) after a large WGA-HRP injection in the pontine and medullary tegmental fi eld 
in case 2593. In the drawings the core of the injection site is indicated in dark gray. In the 
photomicrographs the borders of the dorsolateral PAG with its adjacent columns are indicated 
with dashed lines. Note that the dorsolateral PAG is almost completely devoid of labeling. Bar 
represents 1500μm. 
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 [3H]-leucine injection sites in  PPH
In six cases [3H]-leucine injections were made in PPH and in the adjoining dorsal pontine 
and/or medullary tegmentum (fi gs. 8 and 9). The smallest injections (cases 1129 and 
1181) involved the area surrounding the genu of the facial nerve, and extended into 
the abducens nucleus. 
In case 1452 the main part of the injection was in the caudal part of the dorsal 
tegmental nucleus, and extended into the dorsal pontine tegmentum. Caudally, 
the injection involved the nucleus supragenualis, but, unlike cases 1129, 1181, 1498 
and 1499, not the abducens nucleus. Relatively large injections were made in cases 
1498 and 1499, involving the dorsal tegmentum of pons and rostral medulla mainly 
unilaterally. The center of these injections was around the genu of the facial nerve. 
In the last case (1061), the small injection site was located more caudally than in the 
other fi ve cases and involved the caudal two thirds of the PPH, but not the nucleus 
supragenualis. 

Labeled fi bers in PAGdl and other parts of the midbrain
No labeled fi bers were found in the dorsolateral column of the PAG in case 1061, 
with a small  injection only involving the caudal parts of the PPH (fi g. 10 and table 2). 
In all other cases, in which the supragenualis was involved in the injection, a distinct 
projection was found to PAGdl, exclusively on the contralateral side (fi gs 11, 12 and 
table 2). Even when the injections in the supragenual area were very small (cases 
1129 and 1181), labeled fi bers were found in PAGdl (fi g 13). In none of the cases the 
distribution pattern in PAGdl reached the border of the aqueduct. Except in case 
1452 with the most rostral injection site, a small region on the dorsolateral edge of 
the PAGdl was consistently devoid of labeled fi bers (fi gs. 11, 12, 13 and table 2). This 
region is indicated with a dashed line in fi gures 11, 12 and 13, and will be referred to 

injection sites retrogradely labeled cells in  

 PAGdl PAGdldl tectum PAGvl caudal PPH supragenual PPH  PAGdl PAGdldl tectum PAGvl caudal PPH supragenual PPH 
     ipsi contra ipsi contra

cases        
PAGdl        
  2300  ++  ++  +  -  -  ++  +/-  ++
  2395  +  +++  +/-  -  -  ++  -  +/-
  2479  ++  +/-  -  -  -  +/-  -  ++
        
control        
  2182  -  -  -  ++  -  +  -  ++
  2338   +/-  -  +++  -  +  ++  +  +

Table 1. Extent of the injection sites in the dorsal mesencephalon with regard to the involvement 
of PAGdl, PAGdldl, tectum and PAGvl (left) and the relative densitiy of retrogradely labeled cells 
in PPH (right) after WGA-HRP injections. 
contra, contralateral; ipsi, ipsilateral; PAGdl, dorsolateral periaqueductal gray; PAGdldl, 
dorsolateral part of PAGdl; PAGvl, ventrolateral PAG, PPH, nucleus prepositus hypoglossi.
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Figure 5. Brightfi eld photomicrographs of Nissl stained sections of the rostrocaudal extent (from A 
to F) of the supragenual PPH, the confi nes of which have been indicated by dashed lines. MVN, 
medial vestibular nucleus; PPH, nucleus prepositus hypoglossi; gVII, genu of the facial nerve; nVII, 
facial nerve; VI, abducens nucleus. Bar represents 500 μm.
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Figure 6. Drawings of labeled neurons in the nucleus prepositus hypoglossi (PPH) located in 
dorsal pons and medulla, after WGA-HRP injections covering the dorsolateral and lateral 
periaqueductal gray. Note that one drawing represents three consecutive 40µm sections (of a 
1:4 series). One dot represents one labeled neuron. Arrows point to the retrogradely labeled cell 
group in the supragenual part of the PPH. Schematic drawings on the left show the approximate 
level of the brainstem. gVII, genu of the facial nerve; PPH, nucleus prepositus hypoglossi; IV, 
fourth ventricle. Bar represents 750μm.
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Figure 6. (continued)

as PAGdldl.
In addition to labeled fi bers in PAGdl, in all cases labeled fi bers terminated ipsilaterally 
in parts of the PAG bordering the aqueduct ventrolaterally. This terminal location 
differs from the ventrolateral PAG column (PAGvl) as defi ned by Bandler (Bandler et 
al., 1991; Bandler and Shipley, 1994), and occupies a more medial region at caudal 
PAG levels and continues further rostrally than PAGvl (Bandler et al., 1991; Bandler and 
Shipley, 1994). Actually, the termination area of these PPH fi bers corresponds much 
better with the location of the NADPH-d staining ventrolateral to the aqueduct (fi g. 1). 
Some labeled fi bers were also distributed to the intermediate and deep layers of the 
superior colliculus, mainly contralaterally. Although this projection was not very strong 
in the cases with the smallest injections in the nucleus supragenualis (table 2), one 
might conclude that the projection to PAGdl is always accompanied by a weaker 
projection to the adjoining part of the deep tectum. Interestingly, in case 1061 with a 
small injection in the caudal PPH and no labeled fi bers in PAGdl, the projection to the 
superior colliculus was rather strong (fi g. 10 and table 2). Projections from the caudal 
PPH to the superior colliculus have been described in earlier studies (McCrea and 
Baker, 1985; Corvisier and Hardy, 1997)
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Figure 7. Photomicrographs using darkfi eld polarized illumination showing retrogradely labeled 
cells in the contralateral supragenual PPH just lateral to the genu of the facial nerve in cases 
2300, 2479, 2395 and 2338 (control case). gVII, genu of the facial nerve; SO, superior olive; spV, 
spinal trigeminal nucleus; RB, restiform body. Bar represents 100μm.
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Including supragenual PPH:

Not including supragenual PPH:

[ H]-leucine injections in dorsal pons and medulla3
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Figure 8. Drawings of the location of the [3H]-leucine injection sites in the 6 cases used in the 
anterograde tracing study. Approximate levels according to Berman’s atlas (1968). BC, brachium 
conjunctivum; CN, cochlear nuclei; IC, inferior colliculus; MVN, medial vestibular nucleus; NTS, 
nucleus of the solitary tract; P, pyramidal tract; SA, stria acustica; SO, superior olive; mV, motor 
trigeminal nucleus; pV, principal trigeminal nucleus; spV, spinal trigeminal nucleus; VII, facial 
nucleus; gVII, genu of the facial nerve; nVII, facial nerve.
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In all six cases, but to a limited extent in case 1452, labeled fi bers ascended in the area 
of the contralateral medial longitudinal fasciculus (MLF). In case 1061 (fi g. 10), with the 
caudal PPH injection, some labeled fi bers were found in the trochlear nucleus (nucleus 
IV), and many in the oculomotor nucleus (nucleus III) with the emphasis on its lateral 
part containing motoneurons innervating the medial rectus muscle (Tarlov and Tarlov, 
1971; Gacek, 1974; Akagi, 1978). These projections to nuclei III and IV were bilateral, 
but with an ipsilateral preponderance (table 2). In cases with injections extending into 
the abducens nucleus (all cases except 1061 and 1452), similar projections to nucleus 
III were found, but with a contralateral preponderance (fi g 11 and table 2). When 

Figure 9. Brightfi eld photomicrographs showing the [3H]-leucine injection sites in Nissl stained 
sections of the dorsal brainstem in cases 1129 and 1498. gVII, genu of the facial nerve; SO, 
superior olive; BC, brachium conjunctivum. Bar represents 2mm.

Figure 10. Darkfi eld photomicrograph 
of the periaqueductal gray and 
adjoining deep tectal layers in case 
1061, with a [3H]-leucine injection 
involving the caudal, but not the 
supragenual nucleus prepositus 
hypoglossi (PPH). Note the absence 
of the labeled fi bers in PAGdl and the 
strong projections to nucleus III. Bar 
represents 1mm.

1061
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the injection did not extend into nucleus VI, but into the caudal periventricular gray 
bilaterally (case 1452), no labeled fi bers were found in nuclei III (table 2) and IV, but 
many in the ventromedial and ventrolateral PAG regions bordering the aqueduct, 
bilaterally.
In all cases, some labeled fi bers were also found in the area medially adjoining 
the parabigeminal nucleus, mainly ipsilaterally, and in the interpeduncular nuclei 
bilaterally.

In summary, the supragenual part of the PPH gave rise to a distinct projection to 
the dorsolateral PAG, and, albeit to a lesser extent, to the adjoining tectal parts. This 
distribution pattern in the PAGdl did not extend centrally to reach the aqueduct 
and also a small region on the dorsolateral border of the PAG (PAGdldl) was always 
devoid of labeled fi bers. Neurons in the caudal PPH sent fi bers to nuclei III and IV 
mainly ipsilaterally, and interneurons in nucleus VI to nucleus III mainly contralaterally. 
In contrast, the supragenualis part of the PPH did not project to nuclei III and IV. 
No projections to PAGdl were found when the injection sites did not involve the 
supragenual PPH, as in case 1061.

WGA-HRP injection sites in PPH
In addition to the [3H]-leucine cases, in fi ve cases injections of WGA-HRP were made 
in dorsal medulla and pons (fi gs. 14 and 15). Three of these injections involved the 
region of the caudal and intermediate PPH (cases 2536, 2538 and 2541), (parts of) the 

                    injection sites       anterogradely labeled fi bers in                      injection sites       anterogradely labeled fi bers in  
                    
 caudal  supra  abducens  PAGdl PAGdldl tectum oculomotor   caudal  supra  abducens  PAGdl PAGdldl tectum oculomotor  
    genual     nucleus 
 PPH PPH nucleus LDT ipsi contra ipsi contra ipsi contra ipsi contra

cases             
[3H]-leucine             
  1061  +  -  -  - -  -  -  -  +  ++  +++  ++
  1129  -  ++  +/-  -  -  +  -  -  -  +/-  ++  +++
  1181  -  ++  +/-  -  -  +  -  -  -  +/-  +  ++
  1452  -  ++  -  ++  -  ++  ++  +++  +  ++  -  -
  1498  +/-  ++  +++  -  -  ++  -  -  +/-  +  ++  ++++
  1499  +/-  ++  +++  -  -  ++  -  -  +/-  +  +  ++
             
             
WGA-HRP             
  2536  ++  -  -  -  -  -  -  ++  +  ++  +++  ++
  2538  ++  +/-  +/-  -  -  +/-  -  ++  ++  +++  +++  ++
  2539  ++  ++  ++  -  -  ++  -  ++  +  ++  +++  +++
  2541  +  -  -  -  -  -  -  +/-  -  +  ++  +
  2543  -  ++  ++  -  -  ++  -  -  -  +  +  ++++

Table 2. Extent of injection sites in the dorsal medulla and pons with regard to the involvement 
of caudal PPH, supragenual PPH, abducens nucleus and LDT (left) and the relative density of 
anterograde labeling in dorsal mesencephalon (right) after [3H]-leucine or WGA-HRP injections. 
contra, contralateral; ipsi, ipsilateral; PAGdl, dorsolateral periaqueductal gray; PAGdldl, 
dorsolateral part of PAGdl; PAGvl, ventrolateral PAG, PPH, nucleus prepositus hypoglossi; WGA-
HRP, wheatgerm agglutinin horseradish peroxidase, LDT, laterodorsal tegmental nucleus.
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Figure 11. Darkfi eld photomicrographs of the periaqueductal gray and adjoining deep tectal 
layers after an injection of [3H]-leucine in the case 1498, with the center of the injection in the 
supragenual nucleus prepositus hypoglossi. Note the projection to the contralateral PAGdl. IC, 
inferior colliculus; MLF, medial longitudinal fascicle; nD, nucleus of Darkschewitsch; SC, superior 
colliculus. Bar represents 2mm.
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Figure 12. Magnifi cations of photomicrographs B and D in fi gure 9, showing the labeling in the 
dorsolateral periaqueductal gray (PAGdl) after an injection of [3H]-leucine in the case 1498. 
Note that the dorsolateral part of the dorsolateral periaqueductal gray (PAGdldl) is devoid of 
labeling. Aq, aqueduct; mesV, mesencephalic trigeminal nucleus; SC, superior colliculus. Bar 
represents 500μm.
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Figure 13. Darkfi eld photomicrograph 
of the periaqueductal gray (PAG) 
and adjoining deep tectal layers after 
injections of [3H]-leucine in the cases 
1129, showing anterogradely labeled 
fi bers in the dorsolateral PAG, even after 
very small injection in the supragenual 
nucleus prepositus hypoglossi. Note the 
absence of labeling in the dorsolateral 
part of the dorsolateral PAG. Bar 
represents 300μm.

medial vestibular nucleus and ventrally adjoining tegmental fi eld. In case 2536 the 
injection also involved the hypoglossal nucleus.
In the remaining two cases (2539 and 2543) the injection sites involved the supragenual 
PPH, nucleus VI, and the ventrally adjoining tegmentum. In one of these cases (2539) 
the injection site extended also into the caudal PPH, the nucleus of the solitary tract 
and the dorsal vagal nucleus. 

Labeled fi bers in the midbrain
In cases 2536, 2538 and 2541, in which the supragenual part of the PPH was not or 
only to a very limited extent involved in the injection site, no (cases 2536 and 2541) 
or very few (case 2538) labeled fi bers were seen in PAGdl, except in PAGdldl (fi g 16, 
left and table 2). In the same three cases many labeled fi bers were also seen in the 
ventrolateral and lateral parts of the lateral PAG bilaterally and in the intermediate 
and deep tectal layers, predominantly on the contralateral side (table 2). Only when 
the injections involved the supragenual PPH (cases 2539 and 2543), labeled fi bers 
were observed in PAGdl (fi g 16, right and table 2). Similar to the cases with [3H]-leucine 
injections, PAGdldl was devoid of labeling when the caudal PPH was not injected 
(case 2543). Accordingly, in case 2539, with an injection including both caudal and 
supragenual PPH, both PAGdl and PAGdldl were labeled (table 2). 
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Figure 14. Drawings of the location of the WGA-HRP injection sites in the fi ve cases used in the 
anterograde tracing study. The cores of the injection sites are indicated in dark gray. Rostrocaudal 
levels according to Berman’s atlas (1968). Abbreviations as in fi gure 8.
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DISCUSSION
NADPH-d staining in PAGdl
Staining for NADPH-d is often used to defi ne PAGdl, because this enzyme can be 
found in PAGdl, and not in the adjacent dorsomedial and lateral columns. 
Our results in cat show that NADPH-d staining is indeed confi ned to PAGdl, but is 
certainly not evenly distributed throughout PAGdl. In fact, two clusters of neurons, 
one in  the peripheral and one in the central part, are located in PAGdl. This seems 
also the case in rat (see Fig. 3 in Bandler and Shipley, 1994). Only after very long 

Figure 16. Darkfi eld photomicrographs using polarized illumination of the dorsolateral 
periaqueductal gray and adjoining deep tectal layers after injections of WGA-HRP in the cases 
2536 and 2543. Aq, midbrain aqueduct. Bar represents 300μm.

Figure 15. Brightfi eld photomicrographs showing the WGA-HRP injection sites in the supragenual 
PPH (2543) and caudal PPH (2536). gVII, genu of the facial nerve; MVN, medial vestibular nucleus; 
PPH, nucleus prepositus hypoglossi; VI, nucleus abducens. Bar represents 1mm.

2536
injection in caudal PPH injection in supragenual PPH

aq

2543
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incubation times (6 hrs at 37°, see Carrive and Paxinos, 1994) reaction product can 
be found throughout PAGdl, but the emphasis remains on the peripheral and central 
cell clusters. It can, therfore, be disputed that NADPH-d staining should be seen as a 
defi nitive marker for PAGdl. 
It is important to emphasize that within the confi nes of the PAG NADPH-d can also be 
found in areas other than PAGdl, such as the supraoculomotor cap, located dorsally 
from the supraoculomotor nucleus (fi g. 1 present paper; Carrive and Paxinos, 1994) 
and in the intercalated PAG, lateral to the aqueduct (Carrive and Morgan, 2004). 

Projections from PPH to dorsal midbrain
In the present study, for the fi rst time, we have demonstrated projections from the PPH 
to PAGdl, with the caudal part of the PPH projecting to PAGdldl, and the rostral or 
supragenual PPH projecting to the PAGdl excluding PAGdldl (fi g. 17). In addition, all 
parts of PPH project to the PAG bordering the aqueduct ventrolaterally, which explains 
why so many labeled neurons are present in PPH when the injections involved the 
ventral part of PAG. This part of PAG seems to correspond with the supraoculomotor 
cap as described by Carrive and Paxinos (1994) in a variety of mammals including cat 
and human can be stained for NADPH-d, just like PAGdl and PAGdldl (Carrive and 
Paxinos, 1994 and fi g. 1).
The supragenual PPH sends limited projections, mainly contralaterally, to the 
intermediate and deep layers of the superior colliculus, which explains why labeled 
neurons were found in this part of the supragenual PPH after a control injection in 
the deep collicular layers (case 2338). The more caudal PPH sends much stronger 
projections to the superior colliculus, which is in accordance with McCrea and Baker 
(1985) and Corvisier and Hardy (1997). Our fi nding that the caudal and intermediate 
parts of the PPH, but not the supragenual PPH, project to nucleus IV and to the medial 
rectus motoneuronal cell group in nucleus III, also corresponds with McCrea (1988). 

Two parts of the dorsolateral PAG
The differential projections to PAGdl from the caudal and supragenual PPH suggest that 
the dorsolateral column of the PAG consists of two different parts. These subdivisions 
PAGdl have also been shown in earlier studies. Small injections in substantia nigra pars 
reticulata (SNr) and pars lateralis (SNl) in cat resulted in labeled fi bers in PAGdldl and 
not PAGdl  (Harting et al., 1988; Harting and Van Lieshout, 1991). However, injections 
that were located at slightly different locations in SNr resulted in labeled PAGdl and 
not PAGdldl  (Harting et al., 1988). Projections in cat from the nucleus of the brachium 
of the inferior colliculus and the parabigeminal nucleus terminate mainly in PAGdldl 
(Graybiel, 1978; Kudo et al., 1984), while projections from the caudal pedunculopontine 
nucleus  (Harting and Van Lieshout, 1991) and the precommissural nucleus in rat (see 
fi g. 6 in Canteras and Goto, 1999) seem to project to PAGdl, but not to PAGdldl. 
The distribution patterns of particular neurochemicals also point to the existence of 
two subdivisions. Within the feline PAG, acetylcholinesterase (McHaffi e et al., 1991; 
Graybiel and Illing, 1994), GABA transporter-1 (GAT-1) immunoreactivity (Barbaresi et 
al., 1998; Barbaresi et al., 2001) and kainic acid receptor binding sides (Gundlach, 
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Figure 17. Schematic representation of the projections from the rostral or supragenual and of the 
caudal PPH to the dorsal midbrain. Strongest projections are in dark gray, weaker projections 
in lighter gray. IC, inferior colliculus; MLF, medial longitudinal fascicle; PAGdl, dorsolateral 
PAG; PAGdldl, dorsolateral part of the dorsolateral PAG; III, oculomotor nucleus; IV, trochlear 
nucleus.
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1991), and in rat neuropeptide Y (Yamazoe et al., 1985) have been demonstrated 
to be particulary dense in PAGdldl. In contrast, when in rat the midbrain is stained for 
dopaminergic fi bers (Van Dijken, 2000), particularly PAGdldl shows very little staining 
compared to the rest of the PAG. 
PAGdldl is adjacent to the deep layers of the superior colliculus and they share many 
afferent sources, such as the caudal PPH (this study), SNr and SNl (Harting et al., 1988; 
Harting and Van Lieshout, 1991), and prefrontal cortex area 10  (An et al., 1998). They 
contain many similar neurochemicals, such as NADPH-d (Mizukawa et al., 1989; Herbert 
and Saper, 1992; Carrive and Paxinos, 1994; Floyd et al., 2000), acetylcholinesterase  
(McHaffi e et al., 1991; Graybiel and Illing, 1994), and cholecystokinin (Liu et al., 
1994). This brings up the question of whether PAGdldl should actually be seen as a 
region continuous with, and functionally part of, the stratum griseum profundum and 
intermediate layers of the superior colliculus. On the other hand, projections from 
the prefrontal cortical areas 25 and 32 in monkey project to the dorsolateral PAG 
including PAGdldl, but not to the superior colliculus (An et al., 1998). Furthermore, 
fi bers containing neuropeptide Y are abundant in PAGdldl in rat, but very sparse in 
the superior colliculus (Yamazoe et al., 1985). We conclude, therefore, that  PAGdldl 
is distinct from both PAGdl and the deep superior colliculus.

Functional implications
Physiologically it has been shown that the caudal and intermediate PPH play a role in 
the control of eye movements, especially in controlling gaze holding and saccades as 
shown in physiological studies (Delgado-Garcia et al., 1989; Cheron et al., 1992; Hardy 
and Corvisier, 1996; Moreno-Lopez et al., 1996). These parts of the PPH, therefore, 
maintain numerous connections with brain areas involved in the oculomotor system 
(for review, see McCrea, 1988). Regarding the efferents from the supragenual part 
of the PPH, anatomical tracing studies in rat (Blanks et al., 1983), cat (Kotchabhakdi 
et al., 1978; Sato et al., 1983) and monkey (Brodal and Brodal, 1983; Langer et al., 
1985) have shown that they terminate in the fl occulus and perhaps vermis of the 
cerebellum. Present results show that the supragenual PPH also has, albeit relatively 
weak, projections to the superior colliculus. Afferents of the nucleus supragenualis 
originate in the rostral paramedian reticular formation in cat (Gerrits and Voogd, 
1986). The fact that the areas with which supragenual PPH maintains connections 
are all involved in oculomotor control, points to a role of the supragenual PPH in 
the oculomotor system. On the other hand, defects in both vertical and horizontal 
gaze holding occur after injections of ketamine into the caudal supragenual PPH, 
but not after injections into the rostral part of this subnucleus (Cheron et al., 1992). 
Furthermore, the supragenual PPH, in contrast to the caudal and intermediate parts 
of the PPH, does not project to the trochlear and oculomotor nuclei (present study). 
These fi ndings, together with the different projection patterns in PAGdl of the two 
parts of the PPH, suggest that the supragenual PPH plays another role in oculomotor 
control than the caudal and intermediate PPH, or perhaps might have a completely 
different function.
The dorsolateral column of the PAG is usually not associated with oculomotor 
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functions. However, a physiological study in monkeys has shown that PAGdl plays 
a role in saccadic eye movements. Electrophysiological recordings of cells located 
throughout PAGdl revealed the presence of cells in this column that had tonic 
discharge during steady fi xation of the eyes, but paused just before the onset of and 
during spontaneous saccades. In contrast, cells in the overlying layers of the superior 
colliculus showed bursts preceding spontaneous saccades. The responses of the cells 
in PAGdl were related exclusively to saccades, because discharge rates were not 
altered by visual inputs, such as lights on and off, or in relation to eye position or slow 
eye movements (Kase et al., 1986). 
Connections of PAGdl have been reported with other oculomotor related areas, such 
as parabigeminal nucleus (Graybiel, 1978; Baleydier and Magnin, 1979) and the frontal 
eye fi elds (Stanton et al., 1988; Leichnetz and Gonzalo-Ruiz, 1996), and with substantia 
nigra pars reticulata (Harting and Van Lieshout, 1991). Remarkably, projections from 
the parabigeminal nucleus, the frontal eye fi elds and substantia nigra pars reticulata 
apparently terminate in PAGdldl only, and not in PAGdl. This fi nding, together with the 
fact that not all parts of the supragenual PPH seem to be involved in gaze holding 
(see above), might suggest that only PAGdldl is oculomotor related and the rest of 
the dorsolateral column is not. On the other hand, saccade related neurons and cells 
projecting to the parabigeminal nucleus were observed throughout the dorsolateral 
PAG (Kase et al., 1986; Baleydier and Magnin, 1979).
The function of input from oculomotor related areas to PAGdl, which is usually 
associated with aversive behavior and defensive rage (for review, see Keay and 
Bandler, 2001; Vianna and Brandao, 2003), remains to be elucidated.
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Periparabigeminal and adjoining mesencephalic 
tegmental fi eld projections to the dorsolateral 

periaqueductal gray (PAGdl) in cat - new evidence 
for two subdivisions of PAGdl

Esther-Marije Klop, Leonora J. Mouton and Gert Holstege

ABSTRACT
The dorsolateral column of the mesencephalic periaqueductal gray (PAGdl) differs from its 
adjacent columns in terms of afferent and efferent connections and histochemical build-up. 
Functionally, PAGdl is associated with aversive and defensive behavior. In an earlier study of 
this laboratory (Klop et al., 2005a) it was found that PAGdl specifi cally receives input from the 
nucleus prepositus hypoglossi which plays a role in oculomotor control. In search for other 
oculomotor related brainstem structures projecting to PAGdl we studied the projections from 
the parabigeminal nucleus (PBGN) and its medially adjacent periparabigeminal area (PPBGA). 
After injections of wheatgerm agluttinin-horseradish peroxidase (WGA-HRP) involving PAGdl in 
three cats, no or only very few retrogradely labeled neurons were found in PBGN. When the 
peripheral parts of PAGdl were involved in the injection site, labeled neurons were located in 
PPBGA, while after an injection involving only the more central parts of PAGdl they were not 
located in PPBGA, but more medially in the tegmental fi eld. An anterograde tracing study using 
[3H]-leucine and biotinylated dextran amine (BDA) affi rmed that neurons in PPBGA project to 
more peripheral parts of PAGdl, while neurons located in the mesencephalic tegmental fi eld 
project mainly to the central parts of PAGdl. These results provide further evidence for a role for 
PAGdl in the oculomotor system, and for the existence of two different subdivisions of PAGdl. 

INTRODUCTION
The dorsolateral column of the PAG (PAGdl), is a wedge-shaped column that has a 
signifi cant presence in the rostral and intermediate parts of the PAG and gradually 
diminishes in the caudal parts (Bandler and Shipley, 1994). It differs from the other 
columns of the PAG with respect to its afferent and efferent connections and 
its neurochemical build-up (for review, see Keay and Bandler, 2001; Vianna and 
Brandao, 2003). Functionally, PAGdl has been associated with defensive and aversive 
responses, such as threat and confrontational behaviors or fl ight. These responses are 
accompanied by changes in heart rate, blood pressure and appropriate regional 
blood fl ow (for review, see Keay and Bandler, 2001; Vianna and Brandao, 2003), but 
it is not yet understood how PAGdl coordinates these behaviors. 
In order to further elucidate its function, we have investigated which brainstem 
regions project to PAGdl. Klop et al. (2005a) have demonstrated that the nucleus 
prepositus hypoglossi (PPH) in the dorsal medulla and pons projects specifi cally to 
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PAGdl. The caudal PPH sent fi bers to only the peripheral part of the dorsolateral 
column (PAGdldl), while the rostral, or supragenual, PPH projected to all parts of the 
dorsolateral column except this peripheral part. The fact that PPH plays a role in eye 
movements, such as horizontal and vertical gaze, led to the idea that PAGdl might 
also play a role in the oculomotor system. The question is whether other oculomotor 
related brainstem areas also project to PAGdl. One of these regions is the nucleus 
parabigeminalis (PBGN), located in the lateral mesencephalon, just ventral to the 
brachium of the inferior colliculus (fi g. 1). Physiological studies of Sherk (Sherk, 1978; 
Sherk, 1979a; Sherk, 1979b) have demonstrated that PBGN neurons respond to both 
moving and stationary visual stimuli. It maintains afferent and efferent connections 
with the superfi cial layers of superior colliculus (Graybiel, 1978; Sherk, 1979b; Roldan 
et al., 1983) and PAGdl (Graybiel, 1978). However, Graybiel (1978) did not verify this 
projection with retrograde tracing methods. This is important, because injections in 
PBGN almost always extend into the so-called periparabigeminal area (PPBGA; fi g. 
1), which is also involved in oculomotor control. In fi gure 1 the PPBGA was defi ned 
as the region in which fi bers of the caudal nucleus prepositus hypoglossi (PPH) 
terminate (McCrea and Baker, 1985), and PPBGA also maintains direct connections 
with the superior colliculus (Edwards et al., 1979; Appell and Behan, 1990; Hardy and 
Corvisier, 1991; Jiang et al., 1997). Moreover, chemical stimulation in this region has 
a facilitory infl uence on contraversive rapid eye movements (Hardy and Mirenowicz, 
1991). In the present study, the precise anatomical relationship of PBGN and PPBGA 
with PAGdl and PAGdldl was investigated, using both anterograde and retrograde 
tracing methods. 

PBGN

PPBGA

Figure 1. Brightfi eld photomicrographs of Nissl stained sections showing the location of the 
parabigeminal nucleus (PBGN) and the periparabigeminal area (PPBGA). Scale bar 800μm in 
right photomicrograph.
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MATERIALS AND METHODS
RETROGRADE TRACING STUDY
In order to determine what the exact location is of the cells that project to the 
dorsolateral part of the PAG, a retrograde tracing study in four cats was performed. 
The surgical procedures, pre- and postoperative care, as well as the handling and 
housing of the animals followed protocols approved by the University Medical Center 
Groningen. Animals were initially anesthetized with intramuscular ketamine (Nimatek, 
0.1 ml/kg) and xylazine (Sedamun, 0.1 ml/kg), and subsequently ventilated with a 
mixture of O2 and N2O (1:2), and halothane (1-2%), while ECG and body temperature 
were monitored. In three cats injections of approximately 60nl (case 2300), 100nl (case 
2395) and 40nl (case 2479) of 2.5% wheatgerm-agglutinin horseradish peroxidase 
(WGA-HRP) were made in the dorsolateral intermediate PAG. In one control case 
(case 2334) an injection of approximately 100nl was made in the superfi cial superior 
colliculus. All injections were made stereotaxically (Berman, 1968), using a glass 
micropipette with a pneumatic picopump (World Precision Instruments PV830). In 
case 2300 the dorsolateral PAG was approached dorsolaterally through the inferior 
colliculus, in case 2395 via the dorsally adjoining superior colliculus, and in case 2479 
via the cerebellum and fourth ventricle. 
After a survival time of three days, the animals were perfused transcardially. For 
perfusion, all animals were initially anesthetized with intramuscular ketamine (Nimatek, 
0.1ml/kg) and xylazine (Sedamun, 0.1ml/kg), followed by an overdose (6-10ml) of 
intraperitoneal 6% pentobarbital sodium. Subsequently, they were perfused with 2 
liters of 0.9% saline, immediately followed by 2 liters of 0.1M phosphate buffer (pH 7.4), 
containing 4% sucrose, 1% paraformaldehyde and 2% glutaraldehyde.
After perfusion the brains and spinal cords were removed, post-fi xed for two hours and 
stored overnight in 25% sucrose in phosphate buffer at 4°C. Transverse 40µm frozen 
sections were made of the brainstem. Of these, every fourth section was incubated 
according to the tetramethyl benzidine (TMB) method and another series with 
diaminobenzidine (DAB), in order to defi ne the extent of the injection sites. Sections were 
dehydrated and coverslipped using Permount mounting medium. Labeled neurons 
were plotted with the aid of the Neurolucida system (Microbrightfi eld) coupled to a 
Zeiss Axioplan microscope, using darkfi eld polarized illumination. Injection sites were 
plotted using a drawing tube connected to a Zeiss brightfi eld stereomicroscope. 

ANTEROGRADE TRACING STUDY
Three injections were made in the PPBGA ([3H]-leucine cases 1439 and 1440, and 
BDA case 2619), and four control injections were made in the more medially located 
mesencephalic fi eld ([3H]-leucine case 1035, 1304 and 1481, and BDA case 2621)

[3H]-leucine cases
In fi ve cats (cases 1035, 1304, 1439, 1440 and 1481) injections were made in the 
mesencephalon with L-[4,5-3H]-leucine (specifi c activity > 100 Ci/mmol). The advantage 
of this tracer is that it is not transported by fi bers of passage, which are numerous in 
the mesencephalic tegmental fi eld. The cats were anesthetized using pentobarbital, 
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while heart rate and body temperature were monitored. Injections of 0.5µl containing 
50 µCi [3H]-leucine were made stereotaxically using Berman’s atlas (1968) with a 
Hamilton microsyringe fi tted with a 22-gauge needle. The tracer was injected over 
a period of 5 minutes, after which the needle was left in place for an additional 30 
minutes. After a survival period of 6 weeks the animals were deeply anesthetized and 
perfused transcardially with saline followed by 4% paraformaldehyde. 
The brain stems were postfi xed in 4% paraformaldehyde for at least 1 week, after 
which they were cut into 25µm frozen sections. One series of every tenth section was 
mounted, coated with Ilford G5 emulsion by dipping, and stored in the dark at 5°C for 
3 months (Cowan et al., 1972; Holstege et al., 1977). Subsequently, the material was 
developed with Kodak D19 at 16°C, fi xed and counterstained with cresyl violet. The 
injection area in all experiments was defi ned as that area in which the silver grains over 
the cell bodies were either as numerous as, or more numerous than, the surrounding 
neuropil (Holstege et al., 1977; Holstege et al., 1979).

BDA cases
In two cases stereotaxic injections of approximately 80nl biotinylated dextran amine 
(BDA; Sigma, St. Louis, MO, USA) were made in the mesencephalic tegmental fi eld 
using a dorsal approach. Surgical procedures were comparable to those used for the 
retrograde WGA-HRP experiments. 
The animals survived for two weeks, after which they were transcardially perfused with 
1 liter of 0.9% saline, followed by 2 liters of 0.1 M phosphate buffer (pH 7.4) containing 
4% paraformaldehyde. The brain and spinal cord were removed and postfi xed for 2 
hours and stored in a 25% sucrose solution.The mesencephalon was cut on a freezing 
microtome into 40μm transverse sections and every fourth section was processed. 
Sections were pretreated with 1% NaBH4 in TBS for 10 minutes and 1% H2O2 in TBS for 
60 minutes. Subsequently, the sections were incubated in avidin-biotin peroxidase 
complex (ABC; 1:400 in TBS, 0.5% Tx-100) for 120 minutes. Finally, the sections were 
incubated with 0.024% diaminobenzidine (DAB) and 0.2% ammoniumnickel sulphate 
in TBS, adding 0,04% H2O2. All incubations were performed on a rocking table at room 
temperature, and between all steps the sections were rinsed with TBS for 15 minutes, 
and 90 minutes before the incubation with DAB. To control for non-specifi c staining, 
the same procedure, except for the incubation with ABC, was applied to a series 
of control sections. These control sections were completely devoid of labeling after 
processing. All sections were mounted on slides, dehydrated and coverslipped with 
Depex mounting medium. 

RESULTS
RETROGRADE TRACING STUDY
Injection sites
In the PAG injected cases (2300, 2395 and 2479), the injection sites involved the 
dorsolateral and lateral parts of the intermediate PAG (fi g. 2). In case 2395 the 
injection was centered in the peripheral parts, and in case 2479 in the central parts of 
the PAG. In case 2300 both central and peripheral parts were involved in the injection 
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Injection sites dorsolateral PAG

2300

2479

2395

Control injection

2334

2479

Figure 2. Drawings of the location of the WGA-HRP injection sites involving the dorsolateral PAG 
or the superfi cial tectum in control case 2334. The cores of the injection sites are indicated in 
black. Darkfi eld and brightfi eld photomicrographs show the extent of the injection site in case 
2479 following diaminobenzidine (DAB) staining. Scale bar represents 3mm.
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site. The deep tectal layers were involved in cases 2300 and to a minor extent in case 
2395 (fi g 2). In control case 2334 the injection site was limited to the superfi cial layers 
of the superior colliculus.

Retrogradely labeled cells
Many retrogradely labeled cells were found in the mesencephalon in the three cases 
with injections involving PAGdl (fi g. 3). Most retrogradely labeled neurons were found 
ipsilaterally to the injection site, mainly in the superior colliculus, the cuneiform nucleus 
and the lateral tegmental fi eld. No labeled neurons (case 2479) or only very few (3 
and 1 neurons in a 1:4 series of sections in cases 2300 and 2395, respectively) were 
found in PBGN (fi gs. 3 and 4). In contrast, in control case 2334 with an injection in the 
superfi cial layers of the superior colliculus many labeled neurons were found in PBGN 
bilaterally (fi g. 4), while only very few labeled neurons were found in other parts of the 
mesencephalon.

Figure 3. Drawings of labeled neurons in the mesencephalon at the level of the parabigeminal 
nucleus and periparabigeminal area after WGA-HRP injections involving the dorsolateral PAG. 
One dot represents one labeled neuron. Injection sites have been indicated in gray,with the 
core in dark gray. Hatched area indicates that region of the mesencephalon in which labeled 
neurons were too numerous to be discernable.
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ipsilateralcontralateral

2300

2395

2479

2334

Figure 4. Photomicrographs using darkfi eld polarized illumination showing retrogradely labeled 
cells in the ipsilateral and contralateral periparabigeminal area after WGA-HRP injections 
involving the dorsolateral PAGdl or superfi cial layers of the superior colliculus. Note the absence 
of labeled neurons in the parabigeminal nucleus in cases with PAGdl injections, and the 
abundance of labeled cells in this area after superfi cial tectum injections. Scale bar represents 
400μm.
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In cases with injections involving the peripheral parts of PAGdl (cases 2300 and 2395), 
the retrogradely labeled cells were located in the PPBGA immediately adjoining the 
PBGN (fi gs 3 and 4), mainly ipsilaterally. In the case with an injection only in the central 
parts of PAGdl (case 2479), they were located more medially in the mesencephalic 
tegmental fi eld at a much further distance from the PBGN (fi gs. 3 and 4), medial from 
PPBGA. Other differences were that more retrogradely labeled cells were located in 
the cuneiform nucleus on the contralateral side in cases 2300 and 2479 than in case 
2395. In the contralateral PAGdl many labeled neurons were found in cases 2300 and 
2479, in contrast to case 2395 (fi g. 3). 
In conclusion, after injections involving the dorsolateral PAG, retrogradely labeled 
cells were not found in PBGN. When the injections involved the peripheral part of 
the PAG, many labeled neurons were found in PPBGA, while neurons were located 
more medially in mesencephalic tegmental fi eld when the injection only involved the 
central part of PAGdl. 

ANTEROGRADE TRACING STUDY
Injections involving PPBGA
In BDA case 2619 the core of the injection was in the PBGN itself, but with signifi cant 
spread to the PPBGA (fi g. 5). In this case anterogradely labeled fi bers were mainly 
found in the peripheral parts of the dorsolateral PAG (PAGdldl), mainly ipsilaterally 
(fi g. 6). Very few labeled fi bers were found in other parts of the PAG. Many labeled 
fi bers were also observed in the overlying deep and intermediate layers the superior 
colliculus, and a patch of very dense labeling was found bilaterally in the most lateral 
part of the superfi cial layers of the superior colliculus. Furthermore, dense, puff-like 
labeling was found in the contralateral interpeduncular nucleus and the ipsilateral 
medial part of the medial geniculate body. Sparse labeling was found in the ipsilateral 
retrorubral fi eld and substantia nigra, pars reticulata. 
In cases 1439 and 1440 the core of the injection sites was in PPBGA, but they extended 
into the more medially located tegmental fi eld. PBGN was also involved in these 
injection sites, but only to a very limited extent (fi g. 5). Labeling in these two cases 
was very similar. In contrast to case 2619, not only the most peripheral part of the 
dorsolateral PAG column, but also its more central parts were labeled. Labeling in the 
dorsolateral PAG was stronger than in the other PAG columns (fi g. 7). At most rostral 
PAG levels the labeled fi bers were most numerous in the most peripheral parts of PAGdl 
and did not occupy the region close to the aqueduct (fi g 7A), at intermediate levels 
labeling was found throughout the dorsolateral column (fi g 7B-D), while at caudal 
levels labeling was most strong in the central parts of PAGdl (fi g 7E). Labeling in PAGdl 
was bilateral, albeit with a slight ipsilateral preponderance. Some ipsilateral labeling 
was found ventrolaterally in the rostral PAG, bordering the aqueduct (fi g. 7A,B), 
and weak labeling was found in the dorsomedial column, ipsilaterally stronger than 
contralaterally (fi g. 7A-E). Finally, in the caudal PAG some labeled fi bers terminated in 
the lateral column on the ipsilateral side (fi g. 7D, E). 
The superior colliculus also contained many labeled fi bers in these cases. Labeling was 
strongest in the deep layers (fi g. 7A-E), but at intermediate collicular levels labeling 
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was also seen in the most superfi cial layer on the ipsilateral side and the layer just 
beneath that on the contralateral side. Other regions that contained labeling were 
the cuneiform nucleus and nucleus sagulum bilaterally, and the PPBGA contralaterally. 
The extraocular motor nuclei III and IV (fi g 7A-C), and the contralateral PBGN were 
devoid of labeling.
In conclusion, after an injection involving PPBGA and not the more medially located 
tegmental fi eld, anterogradely labeled fi bers were found mainly in PAGdldl, and far 
less in other parts of PAGdl. After injections involving PPBGA, but also parts of the 
medially adjoining tegmental fi eld, labeled fi bers were found throughout PAGdl. 

Control injections
Control injections were studied to reveal the projection pattern to PAGdl when 
only the tegmental fi eld and not PPBGA was involved in the injection site. Injection 
sites were found in different parts of the mesencephalic tegmental fi eld at different 
rostral-caudal and medial-lateral locations (fi g. 5). The cores of the injection sites in 

Injection sites involving PPBGA Control injections in lateral tegmental field
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Figure 5. Drawings of the location of the injection sites the involving PPBGA and of control 
injections in the mesencephalic tegmental fi eld. Brightfi eld photomicrograph shows the extent 
of the injection site in case 1439. Scale bar represents 2mm. 
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A
B

2619

PAGdl

PAGdldl

aq
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2619

rostral

caudal

Figure 6. Left: Brightfi eld photomicrographs showing distribution pattern of labeled fi bers in case 
2619 with an injection in PBGN and PPBGA (A), and the axonal varicosities at high magnifi cation 
(B). Scattered line in A indicates the approximate boundary of PAGdldl, based on earlier fi ndings 
of PPH projections to PAGdl (Klop et al., 2005) Scale bar represents 250μm.
Right: Drawings showing the distribution of labeled fi bers in the PAG.
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Figure 7. Darkfi eld photomicrograph of the periaqueductal gray and adjoining deep tectal layers 
after an injection of [3H]-leucine in case 1439, with an injection in the periparabigeminal area. 
Scale bar represents 2mm. CNF, cuneiform nucleus; IC, inferior colliculus; mesV, mesencephalic 
trigeminal nucleus; SC, superior colliculus; III, oculomotor nucleus; IV, trochlear nucleus.

cases 1035 and 1304 were located most rostrally, more laterally in case 1304 than in 
case 1035 (fi g. 5). In this latter case the injection site also involved the caudal part 
of the red nucleus. In cases 1481 and case 2621 the injections were at the level of 
the intermediate PAG. In case 1481 the injection encroached upon the ventrolateral 
PAG, and in 2621 small leakage was observed along the needle tract in the deep 
layers of the superior colliculus (fi g. 5). 
Within the PAG, labeled fi bers were found in the dorsomedial, dorsolateral, lateral 
and ventrolateral columns, mainly ipsilaterally. Remarkably, the peripheral part of 
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PAGdl (PAGdldl) was devoid of labeled fi bers or contained clearly less labeled fi bers 
than the rest of PAGdl (fi g. 8). The strongest labeling in PAGdl was found in cases 1481 
and 2621, with injections in the mesencephalic tegmental fi eld at the level of the 
PBGN and weakest in case 1304, with a very rostral injection at the level of the medial 
geniculate body. Sparse labeling was found in the overlying deep collicular layers in 
all control cases.

DISCUSSION
The results of the present study show that not PBGN itself, but the medially adjoining 
PPBGA projects to the dorsolateral column of the PAG. Only very few retrogradely 
labeled cells were found in PBGN after injections involving PAGdl, and these few 
cells were most probably the result of small leakage into the superfi cial layers of 
the superior colliculus. The PBGN projection to PAGdl reported by Graybiel (1978), 
therefore, orginates from PPBGA and not from PBGN. In fact, Graybiel (1978) reported 
that the injection site in her study was not limited to the PBGN, but extended slightly 
into PPBGA. 
In addition, results of the present study revealed a differential projection pattern to 
PAGdldl and to the other parts of PAGdl, from PPBGA and the adjoining mesencephalic 
tegmental fi eld, respectively. In the present study, no retrogradely labeled cells were 
found in PPBGA after an injection not involving PAGdldl (case 2479). Conversely, after 
an injection into PPBGA, not involving the more medial tegmental fi eld, labeled fi bers 
were mainly found in PAGdldl (case 2619). This fi nding is in agreement with Graybiel 
(1978) who also found anterograde labeling only in PAGdldl after an injection in 
PBGN, extending into PPBGA. The mesencephalic tegmental fi eld located medially 
from the PPBGA projects to PAGdl, but not to PAGdldl. In cases 1439 and 1440 
labeling was found throughout the dorsolateral column, because both PPBGA and 

Figure 8. Distribution pattern within the PAG after injections in the mesencephalic tegmental 
fi eld, not involving the PPBGA.
A: Darkfi eld photomicrograph of the PAG in case 1481. Scale bar represents 1mm.
B: Brightfi eld photomicrograph of PAGdl in case 2621. Scale bar represents 250μm.
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the mesencephalic tegmental fi eld were involved in the injection sites.
The dichotomy between PAGdl and PAGdldl, however, was not as clear as for the 
PPH projections to PAGdl and PAGdldl, which has been shown before (Klop et al., 
2005).

Two parts of PAGdl
Results from other studies in cat and rat provide support for the existence of two 
subdivisions in PAGdl. The projection from the substantia nigra pars reticulata, 
described by Harting and Van Lieshout (1991) in cat is only to PAGdldl, while the 
precommissural nucleus in rat seems to project to PAGdl, but not to PAGdldl (see 
fi g. 6 in Canteras and Goto, 1999). Besides the different connections of PAGdl and 
PAGdldl,  the distribution patterns of particular neurochemicals point to the existence 
of two subdivisions. Within the feline PAG, acetylcholinesterase (McHaffi e et al., 1991; 
Graybiel and Illing, 1994), GABA transporter-1 (GAT-1) immunoreactivity (Barbaresi et 
al., 1998; Barbaresi et al., 2001) and kainic acid receptor binding sides (Gundlach, 
1991), and in rat neuropeptide Y (Yamazoe et al., 1985), are particulary dense in 
PAGdldl. In contrast, dopaminergic fi bers seem to be almost absent in PAGdldl, while 
they are numerous in the other parts of the PAG, including PAGdl (Van Dijken, 2000). 
Cytoarchitectonic evidence for two subdivisions also exists. In rat, Gerrits et al. (1993) 
described a myeloarchitectonic map of the PAG. Six columns were distinguished of 
which column IV constitutes a column that is most probably identical to PAGdldl. 
It consists of very few, mostly tangentially oriented fi bers located in the peripheral 
part of the dorsolateral PAG. In all likelihood, the anatomical differences represent 
functional differences, but what these are remains to be determined.

PAGdl and the oculomotor system
Although some studies have been performed on the function and anatomical 
connections of the PBGN (Sherk, 1978; Sherk, 1979a; Sherk, 1979b; Roldan et al., 1983; 
Jiang et al., 1996; Lee et al., 2001; Cui and Malpeli, 2003; Wang, 2003), not much is 
known about the function of the adjoining PPBGA. Hardy and Mirenowicz (1991) in 
the guinea pig, used kainic acid to stimulate neurons in the PPBGA. These authors 
showed that PPBGA neurons have a facilitory infl uence on contraversive saccadic 
eye movements. They assumed, therefore, that neurons in PPBGA have an excitatory 
infl uence on cells in the ipsilateral superior colliculus that are responsible for these 
rapid eye movements, also because PPBGA cells project to the deep layers of the 
superior colliculus. Another indication that PPBGA is involved in eye movements is that 
it receives input from the caudal PPH (McCrea and Baker, 1985; fi g. 9). Similar to the 
PPBGA, the caudal PPH have been shown to project to PAGdldl (Klop et al., 2005a). 
Projections to PAGdldl have been reported from other oculomotor related areas, 
such as the frontal eye fi elds (Stanton et al., 1988; Leichnetz and Gonzalo-Ruiz, 1996), 
and the substantia nigra pars reticulata (Harting and Van Lieshout, 1991).
Because of its connections with oculomotor related areas, we hypothesized (Klop et 
al., 2005a) that PAGdl is involved in the oculomotor system. A physiological study in 
monkey showing that PAGdl plays a role in saccadic eye movements supports this 
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supragenual PPH
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superficial SC

deep SC
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PAGdl
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Figure 9. Schematic representation of brainstem connections with PAGdl and PAGdldl, probably 
involved in eye movements. Projections demonstrated in the present study are indicated in 
black.
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hypothesis (Kase et al., 1986). In this study, electrophysiological recordings of cells 
located throughout PAGdl revealed the presence of cells in this column that had 
tonic discharge during steady fi xation of the eyes, but paused just before the onset 
of and during spontaneous saccades. In contrast, cells in the overlying layers of the 
superior colliculus showed bursts preceding spontaneous saccades. The responses 
of the cells in PAGdl were related exclusively to saccades, because discharge rates 
were not altered by visual inputs, such as lights on and off, or in relation to eye position 
or slow eye movements (Kase et al., 1986). 
The present results, together with the data from the literature, provide further evidence 
for a role in the oculomotor system for PAGdl, possibly coupled to its role in aversive 
and defensive behavior, although it remains unclear how.
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How many spinothalamic tract cells are there?
A retrograde tracing study in cat

Esther-Marije Klop, Leonora J. Mouton and Gert Holstege

Neurosci. Lett.; 360(3): 121-124 (2004)

ABSTRACT
The spinothalamic tract, well known for its role in nociception, is the most frequently studied 
ascending pathway originating from the spinal cord. It is known that spinothalamic neurons 
are located in all segments of the spinal cord, but in most mammals the total number of 
spinothalamic neurons is not known. 
In three cats, after large WGA-HRP injections involving all parts (one case) or almost all parts 
of the thalamus (two cases), the number of retrogradely labeled profi les was counted in a 1:4 
series of sections of all spinal segments from C1 to Coc2. After applying the correction factor 
of Abercrombie (1946), it appears that a total of 12,000 cells in the spinal cord project to the 
thalamus.

INTRODUCTION
The spinothalamic tract is the most well known pathway for the conduction of 
nociception, temperature and crude touch. Anatomical retrograde tracing studies in 
rat, cat and monkey have shown that many spinothalamic neurons exist throughout 
the length of the spinal cord (see Willis and Coggeshall, 1991, for review). Their total 
number has been estimated to be approximately 9500 in rat (Burstein et al., 1990b) 
and 18235 in monkey (Apkarian and Hodge, 1989a). These numbers are based on 
counts of retrogradely labeled cells in all segments of the spinal cord after large 
thalamic injections. Although the cat is often used in studies on the spinothalamic 
tract, in this animal a similar estimation, based on countings of all spinal segments, 
does not exist, which led to the present study. 

MATERIALS AND METHODS
In three adult cats (2517, 2529 and 2547), anesthetized with an initial injection of 
ketamin and xylazine, followed by halothane with O2 and N2O ventilation, large 
thalamic injections of 2.5% wheat germ agglutinin-conjugated horseradish peroxidase 
(WGA-HRP) in saline were made stereotaxically (Table 1), using a Hamilton syringe. In 
a fourth (control) case (2578), an injection of 30nl WGA-HRP was made in the nucleus 
of Darkschewitsch, using a glass micropipette. Following survival times of 65-96 hours 
(Table 1), the animals, after an initial injection of ketamin and xylazine, and an 
overdose of pentobarbital, were perfused transcardially with 1.5 liters of 0.9% saline, 
immediately followed by 1.5 liters of 0.1M phosphate buffer (pH 7.4), containing 4% 
sucrose, 1% paraformaldehyde and 2% glutaraldehyde. Subsequently, the brains 
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and spinal cords were removed, post-fi xed for two hours and stored overnight in 25% 
sucrose in phosphate buffer at 4°C, after which the brain and all spinal segments were 
cut into 40µm transverse frozen sections. Of these, every fourth section was incubated 
according to the tetramethyl benzidine (TMB) method. Of the thalamus and midbrain 
an extra series was incubated with diaminobenzidine (DAB) in order to defi ne the 
injection site. To determine the number of labeled neurons in the spinal cord, in each 
case retrogradely labeled profi les were plotted and counted in all processed sections 
of every spinal segment. A profi le was considered a retrogradely labeled cell if at 
least part of the labeled soma as well as a dendrite or axon was discernable. Labeled 
profi les in the dorsal column nuclei (DCN) and lateral cervical nucleus (LCN) were not 
included in the counts. 

RESULTS
In case 2529 the injection site covered the complete thalamus, but in case 2517 the 
most medial part and in case 2547 the most lateral part of the thalamus escaped the 
injection site (Fig. 1). In cases 2529 and 2547 the injection sites extended caudally into 
the mesencephalon, including the nucleus of Darkschewitsch. Since this nucleus is 
known to receive spinal afferents, the total number of cells found in cases 2529 and 
2547 might be an overestimation of the number of spinothalamic cells. Therefore,  in 
control case 2578 an injection was made in the nucleus of Darkschewitsch, with very 
limited spread to the laterally adjoining tegmentum (Fig. 1). 
In all thalamic cases many strongly labeled profi les were found in all laminae throughout 
the length of the spinal cord except lamina IX, but predominantly in laminae I and V-
VIII. In case 2517 the cat was allowed a slightly longer survival time (96 instead of 65 hrs) 
to ensure that the tracer reached the most caudal spinal cord. Since similar numbers 
of labeled profi les were found in the caudal spinal segments in all three cases, 65 hrs 
proved to be a suffi ciently long survival time to retrogradely label all spinothalamic 
cells. In case 2517, with the 96 hrs survival time, but not in the other two cases, many 

Table 1. Detailed information on the number of injections, injected volumes and survival times 
per case. Coordinates are according to the atlas of Berman and Jones (1982). AP, anterior-pos-
terior; DV, dorsal-ventral; LM, lateral-medial.

 total  number range of       
 volume of  of  volume per      survival 
case WGA-HRP (µl) injections injection (nl)        coordinates time (hrs)

2517 14.7 45 100-500 AP 6.0  -  12.0 96
    DV 0.5  -  6.0  
    LM 1.0  -  9.0  
2529 13.8 45 100-500 AP 6.0  -  12.0 65
    DV 0.5  -  6.0  
    LM 1.0  -  9.0  
2547 4.3  21 100-400 AP 7.0  -  12.0 66
    DV 0.8  -  5.0  
    LM 0.0  -  3.8  
2578 0.03 1 - AP 6.4   72
    DV 0.8    
    LM 0.8    
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2529

2547

2517

A15.0 A12.0 A9.0 A6.0

2578

Figure 1. Schematic drawings of the injection sites. The core of each injection site is shown in 
dark gray, the halo in light gray. Needle tracks are indicated in black. Because of its small extent, 
the injection site in case 2578 is also shown at a larger magnifi cation. 

very weakly labeled cells were found in laminae III and IV on the contralateral side 
in the cervical and, to a lesser extent, lumbar enlargements. It was assumed that 
these weakly labeled profi les were the result of transsynaptic transport via the heavily 
labeled neurons in LCN and DCN, which are known to receive strong projections from, 
almost exclusively, cells in laminae III and IV (Rustioni and Kaufman, 1977; Craig, 1978). 
These weakly labeled profi les in laminae III and IV were not included in the counts. 
Table 2 presents the numbers of labeled profi les found in the C1-Coc2 spinal cord 
in each case in a 1:4 series of sections. In order to estimate the total number of 
labeled neurons in each case, it is not permitted to simply multiply the counted 
number of profi les from the 1:4 series of sections by four, because it would lead to 
an overestimation (Coggeshall and Lekan, 1996). The number of counted profi les, 
therefore, was not only multiplied by four, but also by Abercrombie’s (1946) correction 
factor, defi ned as M/(M+L); (M = thickness of the section, L = rostrocaudal length of 
the neurons counted).

          
     
case  counted N estimated N counted N estimated N counted N estimated N  
  total total contralateral contralateral ipsilateral ipsilateral 

2517 thalamus 4584 10397 3157 7160 1427 3236 
2529 thalamus 6082 13794 4299 9750 1783 4044 
2547 thalamus 4923 11165 3298 7480 1625 3686 
2578 Darksche 750 1701 502 1139 248 562 
 witsch

Table 2. Number of counted profi les (counted N) and estimated number of labeled neurons 
(estimated N) after multiplying the number of counted profi les with four as well as with the cor-
rection factor 0.567 (see text) per case after WGA-HRP injections into the thalamus or midbrain.
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CONCLUSION
In the present study, in which section thickness (M) was 40µm, a correction factor of 
40/(40+30.5)= 0.567 was applied. To calculate L, diameters of somata of labeled cells 
were measured in the laminae that contained the majority of the labeled neurons 
(V-VIII). It was assumed that these neurons were spherical, which made it possible to 
measure the diameters in transverse sections. The mean lengths were 30.1µm in lamina 
V, 26.2µm in lamina VI, 35.0µm in lamina VII and 25.3µm in lamina VIII.  With respect to 
lamina I, the cells of which are known to have a specifi c rostrocaudal orientation, the 
mean of the measurements of two cat studies was taken (Zhang et al., 1996; Galhardo 
and Lima, 1999). They respectively found lamina I neurons in the rostrocaudal plane 
to measure 32µm and 40µm. Using 36µm as the mean rostrocaudal length for lamina 
I cells, together with the mean for each of the other laminae (laminae V-VIII) resulted 
in an L of 30.5µm.
Using this method, the total estimated number of labeled neurons (estimated N, Table 
2) was 10,397 in case 2517, 11,165 in case 2547 and 13,794 in case 2529. Approximately 
one third of all spinothalamic neurons was found ipsilaterally. Especially the large 
group of thalamus projecting cells in the C1-C4 segments (Comans and Snow, 1981) 
is thought to be the major contributor to this ipsilateral projection. 
Although the injection site in case 2517 was limited to the thalamus, it cannot be 
concluded that only 10,397 spinal neurons project to the thalamus, because the 
injection site did not extend into the most medial parts of the thalamus. Also in case 
2547 the injection site did not cover the entire thalamus, meaning that also in this case 
not all spinothalamic cells were labeled. In two cases (2529 and 2547), the injection 
sites extended ventrally into the dorsal hypothalamus, which could have resulted in 
labeled spinohypothalamic neurons. Katter et al. (1991), after injections covering 
large parts of the hypothalamus, found only 440 neurons in their most effective case 
in a 1:2 series of sections in 17 segments. Because the injection sites in 2529 and 2547 
only extended into the hypothalamic area to a limited extend, it is assumed that only 
a small portion of the labeled cells in these cases might have been labeled from the 
hypothalamus. In these two cases (2529 and 2547), the injection sites also extended 
caudally into the transition zone between the rostral midbrain and caudal thalamus. 
This area involves anterior and posterior pretectal nuclei as well as the nucleus of 
Darkschewitsch, which has been described as the main receiver of spinal projections 
at this level (Björkeland and Boivie, 1984; Yezierski, 1988). In the control case (2578) 
an estimated number of 1701 spinal neurons was found to project to Darkschewitsch 
nucleus. Subtracting these 1701 neurons from the estimated 13,697 neurons found in 
case 2529, leads to 12,093 spinothalamic neurons. In case some of the labeled profi les 
found in case 2578 represent spinothalamic neurons with collaterals to the nucleus of 
Darkschewitsch, the 12,000 spinothalamic neurons would be an underestimate.  
Wiberg and Blomqvist (1984b) estimated the total number of spinothalamic neurons in 
cat at 10,000. However, this was a very rough, not substantiated, estimate, because in 
none of their four cases, the injection sites were properly described, and only 7 out of 
33 spinal segments were studied, which were not the same segments in each case. The 
numbers of spinothalamic neurons in the 26 remaining segments were calculated by 
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interpolation. Of the segments studied by Wiberg and Blomqvist (1984b), retrogradely 
labeled neurons were counted in every other section, or in every tenth section in 
the upper cervical cord. No correction factor was applied and numbers were simply 
multiplied by two or ten, respectively. Applying the calculation methods of Wiberg 
and Blomqvist (1984b) to the numbers of spinothalamic cells found in the present 
study, would result for case 2529 in an estimated number of 24,328 labeled neurons.
Our results, based on counting the labeled profi les in every segment of the spinal cord, 
and using a correction factor, indicate that the number of spinothalamic neurons in 
the cat is higher than the 9500 in rat found by Burstein et al. (1990b), who also applied 
a proper correction factor. At fi rst glance our estimate is clearly lower than the 18,235 
spinothalamic neurons in primate found by Apkarian and Hodge (1989a). As in the 
study of Wiberg and Blomqvist (1984b), in the primate study no correction factor was 
used, which means that their number of 18,235 is a clear overestimation. On the other 
hand, the injection in the one case in which all segments were processed in Apkarian 
and Hodge’s study (1989a) did not involve all parts of the thalamus, which would 
have resulted in an underestimation. The total number of spinothalamic neurons in 
monkey, therefore, remains to be determined. 
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Less than 15% of the spinothalamic fi bers originate 
from neurons in lamina I in cat

Esther-Marije Klop, Leonora J. Mouton and Gert Holstege

Neurosci. Lett.; 360(3): 125-128 (2004)

ABSTRACT   
Lamina I neurons sending their axons into the spinothalamic tract are thought to play a crucial 
role in nociception, but many spinothalamic fi bers do not originate from lamina I neurons. In 
cat, no consensus exist about what percentage of the spinothalamic tract cells is located in 
lamina I. After wheat germ agglutinin-conjugated horseradish peroxidase (WGA-HRP) injections 
that covered large parts of the thalamus, retrogradely labeled cells were plotted and counted 
in all segments of the spinal cord. Results show that, averaged over all spinal segments, the 
percentage of labeled lamina I neurons was 4.9-14.2%. These results demonstrate that, in 
contrast to what is concluded in several previous studies, lamina I in the cat provides only a 
limited part of the total spinal input to the thalamus.

INTRODUCTION
The spinothalamic tract is best known for its role in the transmission of information 
concerning nociception, temperature and crude touch from spinal cord to thalamus. 
The pathway is usually associated with projections from Rexed’s lamina I, but no 
consensus exists about what portion of all spinothalamic fi bers originates in lamina 
I neurons. Studies in rat, cat and monkey (rat: Kemplay and Webster, 1986; Burstein 
et al., 1990b; cat: Trevino and Carstens, 1975; Carstens and Trevino, 1978a; Carstens 
and Trevino, 1978b; Comans and Snow, 1981; Wiberg and Blomqvist, 1984b; monkey: 
Trevino and Carstens, 1975; Willis et al., 1979; Apkarian and Hodge, 1989a) have 
reported that the vast majority of the spinothalamic cells is not located in lamina 
I. On the other hand, according to Craig et al. (1989b), in cat about half of the 
spinothalamic tract originates in lamina I. This view has been adopted in subsequent 
papers (Craig, 1989a; Zhang et al., 1996) as well as in recent reviews (Craig, 2003c). 
These discrepancies might be caused by differences in thalamic injection sites and/
or the selection of the studied spinal segments, especially since the contribution of 
lamina I cells to the spinothalamic tract differs between spinal segments. Only in rat all 
segments of the spinal cord were studied after large injections that covered almost all 
parts of the thalamus (Kemplay and Webster, 1986; Burstein et al., 1990b). Until now, in 
cat only one or a few segments of the spinal cord were studied (Trevino and Carstens, 
1975; Carstens and Trevino, 1978a; Carstens and Trevino, 1978b; Comans and Snow, 
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1981; Wiberg and Blomqvist, 1984b; Craig et al., 1989a; Craig et al., 1989b). The aim 
of the present study is to determine the relative contribution of lamina I cells to the 
spinothalamic tract, on the basis of retrogradely labeled cells in all segments of the 
cat spinal cord (C1-Coc2) after large injections in the thalamus. 

MATERIALS AND METHODS
Four female cats were used. For surgery, the animals were initially anesthetized with 
intramuscular ketamine (Nimatek, 0.1 ml/kg) and xylazine (Sedamun, 0.1 ml/kg), and 
subsequently ventilated with a mixture of O2, N2O (1:2) and 1-2% halothane, while ECG 
and body temperature were monitored. In each case, large injections of WGA-HRP 
in saline were made in the thalamus using a Hamilton syringe. Injections were made 
stereotaxically, using the atlas of Berman and Jones (1982) and with each insertion of 
the syringe multiple injections were made. Table 1 shows details of the injection sites, 
volumes of injected tracer and the survival time per case. In two cases survival times 
up to 96 hours were applied to ensure proper labeling of the neurons in the lower 
spinal cord. 
For perfusion the animals were initially anesthetized with intramuscular ketamine 
(Nimatek, 0.1ml/kg) and xylazine (Sedamun, 0.1ml/kg), followed by an overdose of 
intraperitoneal 6% pentobarbital sodium. They were perfused transcardially with 1.5 
liters of 0.9% saline, immediately followed by 1.5 liters of 0.1M phosphate buffer (pH 
7.4), containing 4% sucrose, 1% paraformaldehyde and 2% glutaraldehyde. After 
perfusion, the brains and spinal cords were removed, post-fi xed for two hours and 
stored overnight in 25% sucrose in phosphate buffer at 4°C. Subsequently, the brain 
and all spinal segments were cut into 40µm transverse frozen sections, of which every 
fourth section was incubated according to the tetramethyl benzidine (TMB) method. 
An extra series of sections of the diencephalon with overlying cortex was incubated 
with diaminobenzidine (DAB) in order to defi ne the injection site. To determine the 
location and number of the labeled profi les in the spinal cord, in each case all 
retrogradely labeled neurons in all processed sections of all spinal segments were 
plotted and counted. Labeled neurons in the dorsal column nuclei (DCN) and lateral 
cervical nucleus (LCN) in the upper cervical cord were not included in the counts. 

RESULTS
Figure 1 shows schematic drawings of the injection sites. In all cases, many labeled 
neurons were found throughout the length of the spinal cord, located in laminae I, 
III-VIII and X. In cases 2517 and 2519 the longer survival times did not result in more 
labeled cells in the lumbosacral cord, but many faintly labeled cells were found in 
laminae III and IV almost exclusively on the contralateral side of the cervical and, to 
a lesser extent, lumbar enlargements. These cells were not observed in the cases with 
65-66 hrs survival time. It is assumed that the weakly labeled cells in laminae III and 
IV are the result of transsynaptic labeling via heavily labeled cells in LCN and DCN, 
because these nuclei receive many projections from specifi cally laminae III and IV 
(Rustioni and Kaufman, 1977; Craig, 1978). The lightly labeled cells in laminae III and IV 
were, therefore, not included in the counts of spinothalamic cells.
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Table 1 gives the total numbers of labeled neurons found in the C1-Coc2 segments of 
the spinal cord. On average, 70% of all labeled neurons and 80% of the labeled lamina 
I cells was located contralaterally. Labeled lamina I neurons were most numerous 
(701) in case 2547, with an injection site that covered the intralaminar nuclei of the 
left thalamus and the medial thalamus on both sides. In case 2517, in which the lateral 
and intralaminar parts of the thalamus were injected, but not the most medial parts, 
the lowest number (233) of  labeled lamina I neurons was found. Percentages of 
labeled lamina I cells of the total number of labeled cells ranged from 4.9% in case 
2517 to 14.2% in case 2547. On the contralateral side percentages of lamina I cells of  
6.0-17.8% were found, and on the ipsilateral side from 2.3%-7.1% (Table 1). 

2529

2547

2519

2517

A5.0A15.0

Figure 1. Schematic drawings of the injection sites. The core of each injection site is shown in dark 
gray, the halo in light gray. Needle tracks are indicated in black.

 total  number volume per   volume per   volume per survival   number of labeled neurons  
 volume  of  injection   time               =total=            =contralateral=           =ipsilateral= 
case (µl) injections (nl)  coordinates (hrs.) lam I-X lam I lam I-X lam I lam I-X lam I 

2517 14.7 45 100-500 AP 6.0  -  12.0 96 4584 223 3157 189 1427 34 
    DV 0.5  -  6.0   (4.9%)  (6.0%)  (2.4%)
    LM 1.0  -  9.0       
2519 6.0 15 250-500 AP 8.0  -  11.0 96 3798 256 2774 232 1024 24 
    DV 1.5  -  5.5   (6.7%)  (8.4%)  (2.3%)
    LM 1.0  -  6.5       
2529 13.8 45 100-500 AP 6.0  -  12.0 65 6082 628 4299 521 1783 107
    DV 0.5  -  6.0   (10.3%)  (12.1%)  (6.0%)
    LM 1.0  -  9.0       
2547 4.3  21 100-400 AP 7.0  -  12.0 66 4923 701 3298 586 1625 115 
    DV 0.8  -  5.0   (14.2%)  (17.8%)  (7.1%)
    LM 0.0  -  3.8       

Table 1. Detailed information on injected volumes, injection coordinates, survival time and num-
bers of labeled neurons found in a 1:4 series of sections per case. The percentages of lamina 
I neurons are given between parentheses. Coordinates according to the atlas of Berman and 
Jones (1982). AP, anterior-posterior; DV, dorsal-ventral; LM, lateral-medial; lam, lamina.
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In all cases large segmental differences existed, both in the absolute number of labeled 
cells per segment as well as in the percentages of lamina I cells (Fig. 2). In all cases the 
largest number of labeled neurons in laminae I-X was found in the upper cervical cord 
(C1-C3), and in the cervical and lumbar enlargements. Labeled lamina I neurons 
were most numerous in the enlargements, but in case 2547 many were also found in 
the upper cervical segments. While the percentage of lamina I cells never exceeded 
14.2%, averaged over all segments, the percentage of lamina I neurons per segment 
was up to 44.5 on the contralateral side in the C8 segment in case 2547. 
The 10.3% lamina I cells found in case 2529 might be most accurate, because in this 
case all parts of the thalamus were injected. The percentages found in cases 2517 
and 2519 are probably too low, because the most medial thalamus, known to receive 
many afferents from lamina I neurons (Craig et al., 1989a), was not involved in the 
injection sites. Conversely, in case 2547, in which the most lateral thalamus escaped 
the injection site, considerably less labeled cells were observed in the laminae other 
than lamina I than in case 2529. 

DISCUSSION
The present results are in agreement with many studies (Trevino and Carstens, 1975; 
Carstens and Trevino, 1978a; Carstens and Trevino, 1978b; Comans and Snow, 1981; 
Wiberg and Blomqvist, 1984b) that suggest that the majority of spinothalamic cells is 
not located in lamina I. Burstein et al. (1990b), using the fl uorescent tracer FluoroGold, 
also studied all segments of the spinal cord after large thalamus injections, in rat. 
They found that only 11% of all spinothalamic input originates in the superfi cial dorsal 
horn, and 13.6% when the labeled neurons in the lateral spinal nucleus and lateral 

averaged percentages of lamina I neurons per segment

0%

50%

100%

C1 C3 C5 C7 T1 T3 T5 T7 T9 T11 T13 L2 L4 L6 S1 S3 Coc2

segments

contralateral
ipsilateral

Figure 2. Averaged results over the four cases: averaged percentages (and SD) of the labeled 
lamina I cells on the ipsi- and contralateral side in each spinal cord segment in a 1:4 series of 
sections after WGA-HRP injections in the thalamus. Labeled neurons in the LCN and DCN were 
not included in the counts.
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cervical nucleus are not included in the counts. Our fi ndings are at odds with the 
conclusions of Craig et al. (1989a). Their conclusions were based on studying only the 
C5-C7 and L5-S2 segments. Our results show that the study of only the segments of 
the enlargements results in wrong conclusions about the total spinothalamic input, 
because large segmental differences exist throughout the length of the spinal cord.
With respect to the use of different tracers, Craig et al. (1989a; 1989b) argued that 
especially for the labeling of lamina I cells, fl uorescent tracers as Fast Blue (FB) and 
Diamidino Yellow (DY) are superior to (WGA)-HRP. Their data, however, show that 
only HRP not conjugated to WGA is a poor labeler of lamina I cells. In our study about 
the same number of lamina I neurons was labeled as in the study of Craig et al. with 
fl uorescent tracers (1989a), but many more cells in other laminae than lamina I were 
labeled. Apparently, FB and DY fl uorescent tracers are very poor labelers of non-
lamina I cells, a problem also put forward by Craig et al. (1989b), themselves. 
The present study has demonstrated that more than 85%, and probably close to 90%, 
of the spinothalamic cells is not located in lamina I, and therefore, not necessarily 
involved in the transmission of information about nociception and temperature. The 
exact function of these other cells remains to be determined.
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Segmental and laminar organization of the 
spinothalamic neurons in cat – evidence for at least 

fi ve separate clusters

Esther-Marije Klop, Leonora J. Mouton and Gert Holstege

J. Comp Neurol.; in press

ABSTRACT
The spinothalamic tract (STT), well known for its role in the relay of information about noxe, 
temperature and crude touch, is usually associated with projections from lamina I, but 
spinothalamic neurons in other laminae have also been reported. In cat no complete overview 
exists of the precise location and number of spinal cells that project to the thalamus. In the 
present study the laminar distribution of retrogradely labeled cells in all spinal segments (C1-
Coc2) was investigated after large WGA-HRP injections in the thalamus. Results showed that 
this distribution of STT cells differed greatly between the different spinal segments. Quantitative 
analysis showed that there exist at least fi ve separate clusters of spinothalamic neurons. 
Lamina I neurons in cluster A and lamina V neurons in cluster B are mainly found contralaterally 
throughout the length of the spinal cord. Cluster C neurons are located bilaterally in the 
ventrolateral part of laminae VI-VII and lamina VIII of the C1-C3 spinal cord. Cluster D neurons 
were found contralaterally in lamina VI in the C1-C2 segments, and cluster E neurons were 
located mainly contralaterally in the medial part of laminae VI-VII and lamina VIII of the 
lumbosacral cord. Most spinothalamic neurons are not located in the enlargements and most 
spinothalamic neurons are not located in lamina I, as suggested by several other authors. The 
location of the spinothalamic neurons shows remarkable similarities, but also differences, with 
the location of spino-periaqueductal gray neurons.

INTRODUCTION
The spinothalamic tract (STT) and the dorsal column-medial lemniscal pathway are the 
best known pathways for the relay of somatosensory input. The STT is usually associated 
with cells in lamina I and the conduction of nociceptive and thermal information. The 
STT, however, also relays other somatosensory input, such as light touch, pressure, and 
joint and muscle stimulation (Willis et al., 1974; Carstens and Trevino, 1978a; Milne et 
al., 1981; Milne et al., 1982; Meyers and Snow, 1982a; Meyers and Snow, 1982b). In 
agreement with this, retrograde tracing studies in rat, cat and monkey have shown 
that the majority of spinothalamic cells are not  located in lamina I, but in the deep 
dorsal horn (laminae V and VI). Moreover, STT cells were also found in lamina VIII in 
all three species and in laminae II and III in rat, and in lamina II, III and IV in monkey 
(Trevino et al., 1972; Trevino and Carstens, 1975; Carstens and Trevino, 1978a; Carstens 
and Trevino, 1978b; Willis et al., 1979; Comans and Snow, 1981; Wiberg and Blomqvist, 
1984b; Kemplay and Webster, 1986; Apkarian and Hodge, 1989a; Burstein et al., 
1990b; Klop et al., 2004b). 
Comprehensive qualitative and quantitative studies of spinothalamic projections exist 
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in rat (Kemplay and Webster, 1986; Burstein et al., 1990b) and monkey (Apkarian and 
Hodge, 1989a), but not in cat, although this species has been and is still widely used 
in studies of the spinothalamic tract (for example: Getz, 1952; Perl and Whitlock, 1961; 
Boivie, 1971; Djouhri et al., 1995; Hirata et al., 1995; Ericson et al., 1996; Ericson et al., 
1997; Nishikawa et al., 1999; Andrew and Craig, 2002a; Andrew and Craig, 2002b; 
Andrew et al., 2003; Craig, 2003b; Brown et al., 2004). In earlier reports on the cells of 
origin of the feline STT only a few selected segments of the spinal cord were studied  
(Carstens and Trevino, 1978a; Carstens and Trevino, 1978b; Comans and Snow, 1981; 
Craig et al., 1989a) or only the STT cells in lamina I (Zhang et al., 1996), and only two of 
these studies presented quantitative data (Craig et al., 1989a; Zhang et al., 1996). 
Besides the construction of a detailed map of the laminar distribution of STT neurons, 
the aim of the present study was to describe possible clusters of these cells. In a study 
on neurons projecting from the spinal cord to the mesencephalic periaqueductal gray 
(PAG), Mouton and Holstege (2000) argued for the existence of at least fi ve clusters of 
spino-PAG neurons, each probably subserving a different function. The clusters had 
very specifi c rostrocaudal locations, and were not restricted by laminar boundaries, 
i.e. a spino-PAG cluster could extend over two different laminae, or only a portion of a 
lamina. Klop et al. (2005c) showed that one particular spino-PAG cluster in the lateral 
sacral cord, probably conveying information from pelvic organs, does not project to 
the thalamus. Whether the other spino-PAG clusters have spino-thalamic equivalents 
is not known. In the present study in cat we, therefore, give a detailed map of all 
spinal neurons projecting to the thalamus, as well as of the spino-thalamic clusters of 
neurons, and we compare them with the spino-PAG clusters.  

MATERIALS AND METHODS
A total of seven female cats was used. The surgical procedures, pre- and postoperative 
care, as well as the handling and housing of the animals followed protocols approved 
by the Faculty of Medicine of the University of Groningen. 

Surgical procedures
Animals were initially anesthetized with intramuscular ketamine (Nimatek, 0.1 ml/kg) 
and xylazine (Sedamun, 0.1 ml/kg), and subsequently ventilated with a mixture of O2, 
N2O (1:2) and 1-2% halothane or 0.5-2% isofl urane, while ECG and body temperature 
were monitored. Because anterograde studies have shown that projections from the 
spinal cord to the thalamus are very widespread (Mantyh, 1983a; Mantyh, 1983b; 
Craig and Burton, 1985), large volumes of 2.5% wheat germ agglutinin-conjugated 
horseradish peroxidase (WGA-HRP) in saline were injected by making multiple 
penetrations with a micropipette (cases 2497 and 2511) or a Hamilton syringe (all other 
cases) in the thalamus in all cases (Table 1). All injections were made stereotaxically, 
using Berman and Jones’ (1982) atlas. In order to reach the thalamus, the pipette or 
needle went through cortical layers overlying the thalamus. 
Survival times of three days were used, except in cases 2517 and 2519. To rule out 
the possibility that the relatively low numbers of retrogradely labeled neurons in the 
sacral cord as compared to other ascending spinal tracts (see Klop et al., 2005a and 
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Discussion) were due to too short survival times, in these two cases survival times of 
four days were used. Following survival time, the animals were initially anesthetized 
with intramuscular ketamine (Nimatek, 0.1ml/kg) and xylazine (Sedamun, 0.1ml/
kg), followed by an overdose (6-10ml) of intraperitoneal 6% pentobarbital sodium. 
Subsequently, they were perfused transcardially with 1.5 liters of 0.9% saline, 
immediately followed by 1.5 liters of 0.1M phosphate buffer (pH 7.4), containing 4% 
sucrose, 1% paraformaldehyde and 2% glutaraldehyde.

Histological procedures
After perfusion, the brains and spinal cords were removed, post-fi xed for two hours 
and stored overnight in 25% sucrose in phosphate buffer at 4°C. The spinal cord 
was cut into 33 segments (C1-Coc2) by making cuts just caudal to the location at 
which the most caudal dorsal rootlet of a segment entered the spinal cord. The cut 
dividing the brainstem from C1 was made just rostral from the entering C1 dorsal root. 
Subsequently, spinal segments and the brain area containing the thalamus were 
frozen in an isopentane bath (-55°C) and cut on a cryostat microtome into 40µm 
transverse sections. Of these, every fourth section was incubated according to the 
tetramethyl benzidine (TMB) method (Mesulam, 1978; Gibson et al., 1984), mounted 
on chromalum-gelatine coated slides, dried, dehydrated and coverslipped with 
Permount mounting medium. In order to defi ne the extent of the injection sites, an extra 

 total  number range of     
 volume of   of  volume per     
case WGA-HRP (µl) injections injection (nl) coordinates   

2497 1.4 3 400-600 AP 9.1 - 11.5
    DV 2.0 - 5.0
    LM 5.0 - 5.5
2511 1.75 4 250-500 AP 9.1 - 11.5
    DV 1.5 - 5.0
    LM 1.5 - 5.0
2517 14.7 45 100-500 AP 6.0 - 12.0
    DV 0.5 - 6.0
    LM 1.0 - 9.0
2519 6.0 15 250-500 AP 8.0 - 11.0
    DV 1.5 - 5.5
    LM 1.0 - 6.5
2529 13.8 45 100-500 AP 6.0 - 12.0
    DV 0.5 - 6.0
    LM 1.0 - 9.0
2545 5.3 21 100-500 AP 7.0 - 12.0
    DV 0.8 - 5.0
    LM 0.0 - 3.8
2547 4.3  21 100-400 AP 7.0 - 12.0
    DV 0.8 - 5.0
    LM 0.0 - 3.8

Table 1. Injected volumes and stereotaxic coordinates for each of the fi ve cases. Coordinates 
are according to the atlas of Berman and Jones (1982). AP, anterior-posterior; DV, dorsal-ventral; 
LM, lateral-medial. 
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series of sections of the thalamus in each case was incubated with diaminobenzidine 
(DAB). The injection sites were plotted using a drawing tube connected to a Zeiss 
brightfi eld stereomicroscope.

Visualization and quantifi cation of retrogradely labeled neurons in the spinal cord 
In order to determine the exact location and number of the labeled neurons in the 
spinal cord, in each case the retrogradely labeled spinal neurons in all processed 
sections (from a 1:4 series of sections) of every spinal segment (C1-Coc2) were plotted 
and counted, using a drawing tube connected to a Zeiss Axioplan microscope with 
darkfi eld polarized illumination. A labeled neuron was only plotted if at least part of 
a labeled cell body as well as part of its dendrite or axon was observed. The total 
number of studied sections per case ranged from 1827 to1889. 
To describe the laminar location of the spinal neurons projecting to the thalamus, in all 
drawings the laminae of Rexed (1954) were depicted, as was a line dividing laminae VI 
and VII into a medial and a lateral part. This line was set at half the distance between 
the lateral border of lamina X and the lateral border of the gray matter (see Fig. 3). The 
labeled neurons were counted in ten different areas: lamina I, II, III, IV, V, the medial 
part of laminae VI-VII, the lateral part of laminae VI-VII with the lateral motoneuronal 
cell groups in lamina IX, lamina VIII with the medial motoneuronal cell groups in 
lamina IX, lamina X, and the white matter. We decided to count the numbers of 
labeled neurons in the lateral and medial parts of laminae VI-VII separately, because 
preliminary results indicated that large differences existed between these areas in the 
numbers of spinothalamic neurons. Labeled neurons in the lateral cervical nucleus 
(LCN) and dorsal column nuclei (DCN) were not included in the counts.
Photomicrographs were taken using a digital camera and minor adjustments in 
contrast and brightness were made using Adobe Photoshop software.

Estimation of absolute number of cells 
The absolute numbers of cells per lamina were estimated in this study. Because 
multiplying the numbers of cells found in a 1:4 series of sections simply by four, would 
lead to an overestimation (Coggeshall and Lekan, 1996), we applied the correction 
factor of Abercrombie (1946), defi ned as M/(M+L), where M is the thickness of the 
section (40μm) and L is the rostrocaudal length of the neurons counted.
It was assumed that the spinothalamic neurons were spherical (Klop et al., 2004a), and 
that their rostrocaudal lengths (L) could be estimated from the diameters measured 
in transverse sections. Of lamina I cells, however, it is known that they have a specifi c 
rostrocaudal orientation (Willis and Coggeshall, 2004 for review). Therefore, the mean 
of the measurements from two other cat studies using horizontal sections was taken. 
In these studies (Zhang et al., 1996; Galhardo and Lima, 1999) it was found that lamina 
I neurons in the rostrocaudal plane measure between 32 and 40μm, which leads to 
a mean of 36μm for these neurons. To calculate L for the other laminae, the average 
diameters of somata of labeled cells in cases 2529 and 2545 were measured from 
drawings of labeled neurons, made with the use of a drawing tube connected to a 
Zeiss Axioplan microscope (magnifi cation x200). Within a particular lamina, labeled 
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neurons were selected randomly, but only from those spinal segments where they 
were most numerous. For example, labeled neurons in medial laminae VI-VII were 
mainly measured in the upper cervical and lower lumbar segments. Labeled neurons 
in lamina X were measured in case 2545 only, where they were most numerous. 
Of the selected neurons the length along the long and short axis of the neurons, 
which had different orientations in each neuron, was measured and the mean was 
calculated. The mean diameter was calculated for each lamina. Labeled lamina II 
neurons were too sparse to measure. The mean of all correction factors per lamina 
was used to estimate their numbers. The mean diameters found in this study were 
23.5μm for laminae III-IV neurons, 25.5μm for lamina V neurons, 26.3μm for lateral 
laminae VI-VII, 28.7μm for medial laminae VI-VII, 27.3μm for lamina VIII and 21.1μm for 
lamina X. For cells in the white matter the mean of these mean diameters was taken 
(26.9 μm). From these mean diameters the correction factors were calculated for 
each lamina.

RESULTS
Injection sites
Figures 1 and 2 show the extent of the injection sites. In cases 2497, 2511 and 2519, 
injection sites were confi ned to the thalamus. The relatively small injection sites in 
cases 2497 and 2511 involved parts of ventral anterior, ventral lateral, intralaminar, 
and laterodorsal nuclei. In case 2511 parts of the ventrobasal complex, central medial 
and rostral submedial nuclei were also involved. In case 2519, which extended from 
the most rostral to the most caudal thalamus, much larger parts of the thalamus were 
covered, although all midline thalamic nuclei escaped the injection site (Fig. 2)
In the other four cases (2517, 2529, 2545 and 2547) the injection sites extended from 
the level of the anterior commissure to the level of the rostral midbrain (Figs. 1 and 
2). In case 2517, the injection site covered the entire thalamus, except the midline 
nuclei. In case 2529 with the largest thalamic injection all nuclei of the thalamus were 
injected, but in cases 2545 and 2547 large parts of the VPL were not covered. In these 
latter two cases the injection sites crossed the midline (Fig. 2), and extended into the 
contralateral parafascicular, subparafascicular, and submedial nuclei.
In the same four cases 2517, 2529, 2545 and 2547 the injection sites involved non-
thalamic areas. Rostrally, they extended into the anterior hypothalamus (cases 2517, 
2529, 2545, and 2547) bed nucleus of the stria terminalis and caudate nucleus (cases 
2529 and 2547). Caudally, the injections extended considerably into the most rostral 
mesencephalic lateral tegmental fi eld in cases 2529, 2545 and 2547, and to a minor 
extent in case 2517 (Fig. 2). In cases 2529, 2545 and 2547 the dorsal hypothalamus was 
also involved in the injection site, but in case 2529 to only a minor extent (Figs 1 and 2). 
Finally, in cases 2517 and 2529 large amounts of tracer were observed in the internal 
capsule and overlying cortical layers (Fig. 2). 

Retrogradely labeled neurons in the spinal cord 
Retrogradely labeled neurons were counted in all processed sections (from a 1:4 
series). The laminar and segmental distribution of the counted numbers of neurons is 
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Figure 1. Photomicrographs and schematic drawings showing the injection sites of cases 2529 
(top) and 2545 (bottom). Left: darkfi eld photomicrographs; middle: brightfi eld photomicrographs; 
right: schematic drawings in which the core is indicated in dark gray and needle tracts resulting 
in damaged tissue in black. Scale bar represents 5mm.

case total     ipsilateral contralateral       # studied sections 

2497 1462 411 (28.1%) 1051 (71.9%) 1889
2511 2719 877 (32.3%) 1842 (67.7%) 1881
2517 4817 1427 (29.6%) 3390 (70.4%) 1838
2519 4021 1024 (25.5%) 2997 (74.5%) 1837
2529 6082 1783 (29.3%) 4299 (70.7%) 1827
2545 6906 2075 (30.0%) 4831 (70.0%) 1849
2547 5080 1625 (32.0%) 3455 (68.0%) 1855

described below, followed by estimations of the absolute number of neurons in each 
lamina using the correction factor of Abercrombie (1946). 
In all cases labeled neurons were present throughout the length of the spinal cord. 
The total number of labeled neurons (Table 2) varied between the different cases, 
refl ecting differences in size and location of the injection sites. Relatively small numbers 
of neurons were found in cases 2497 and 2511 (1462 and 2719 labeled neurons, 
respectively), in which the injection sites failed to cover large parts of the thalamus. 
In the cases with large injection sites in the thalamus, the highest number of labeled 
neurons (6906) was found in case 2545 with an injection in the medial thalamus, but 
extending across the midline and into hypothalamus and midbrain, and the lowest 
number of retrogradely labeled cells (4021) was found in case 2519 with an injection 

Table 2. Numbers of labeled neurons (counted in a 1:4 series of sections) in the C1-Coc2 spinal 
cord after WGA-HRP injections in the thalamus. 
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site restricted to the thalamus. Approximately 70% of all labeled neurons was located 
contralaterally in all cases (Table 2). Labeled neurons were found in laminae I and V-
VIII and X in all cases (Table 3), but not in the motoneuronal cell groups.

Labeled neurons in laminae III and IV in cases 2517 and 2519
In laminae III and IV only very few labeled neurons were found, except for cases 
2517 and 2519. In these cases, with survival times of four instead of three days, many 
(407 and 330, respectively) weakly labeled neurons were found on the contralateral 
side in laminae III and IV, mainly in the cervical and, to a lesser extent, in the 
lumbar enlargements. We have concluded that these weakly labeled cells were 
transsynaptically labeled from lateral cervical nucleus (LCN) and the dorsal column 
nuclei (DCN), which were heavily labeled in most cases and are known to receive 
many projections from, almost exclusively, laminae III and IV (Rustioni and Kaufman, 
1977; Craig, 1978; Bennett et al., 1983; Enevoldson and Gordon, 1989a; Enevoldson 
and Gordon, 1989b). Labeled cells in laminae III and IV in cases 2517 and 2519 were 
therefore not included in the counts.

Labeled neurons in the lateral cervical nucleus and dorsal column nuclei
In the upper cervical spinal cord many labeled neurons were found both in LCN and 
DCN, except in cases 2497 and 2547, probably because the injection sites in these 
cases failed to cover major parts of VPL. In case 2497 some neurons were found in 
the contralateral LCN, but only very few  in the DCN and in case 2547 relatively few 
neurons were found in either LCN or DCN. In the present study LCN and DCN neurons 
were not included in the counts. 

Laminar and segmental distribution
Figure 3 shows labeled neurons in case 2519, in which the injection site was confi ned 
to the thalamus, but in which not all parts of the thalamus were injected. Figure 4 
shows the retrogradely labeled cells in case 2529, in which all parts of the thalamus 
were injected, but in which the injection site extended into non-thalamic areas. Figure 
5 shows the segmental and laminar distribution of the retrogradely labeled neurons in 
these two cases.

General overview
Large segmental differences were found in the total numbers of STT neurons, even 
between adjacent segments (Figs. 3-5). In the cases with the largest injections (cases 
2517, 2519, 2529, 2545 and 2547) most labeled neurons were found in the upper 
cervical segments (C1-C3), with a mean of 45% of the total number of cells (range: 
40-51%). Many labeled cells were also found in the cervical (C5-C8) and lumbar (L5-
S1) enlargements, with a mean of 15% (range: 13-18%) and 13% (range: 11-14%) of 
the total, respectively. In each spinal segment in all cases the majority of the labeled 
neurons was located contralaterally. In cases 2497 and 2511, with smaller injections in 
the thalamus, the percentage of cells located in the upper cervical cord was much 
higher than in the other cases (70.0 and 74.3% respectively) and the percentages of 
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INF

A15.0

2517 2519

A9.0

A 5.0

2497 2511

Figure 2. Schematic drawings of WGA-HRP injection sites in the thalamus. The anteroposterior 
coordinates are according to the atlas of Berman and Jones (1982). The areas in dark gray 
are considered the core of the injection sites. Needle tracts resulting in damaged tissue are 
indicated in black.
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Figure 2. (continued)
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Figure 3. Schematic drawings of the labeled neurons in the C1-Coc2 spinal cord of case 2519 
after an injection of WGA-HRP that was confi ned to the thalamus. Each drawing represents 
twelve 40-µm-thick sections. Note that the labeled neurons in the gracile and lateral cervical 
nucleus were not depicted in this fi gure. Cun, cuneate nucleus; lat, lateral; med, medial.
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Figure 4. Schematic drawings of the labeled neurons in the C1-Coc2 spinal cord of case 2529 
after an injection of WGA-HRP that fi lled the thalamus, but with limited spread to hypothalamic 
en mesencephalic areas. Each drawing represents twelve 40-µm-thick sections. Note that the 
labeled neurons in the gracile and lateral cervical nucleus were not depicted in this fi gure. Cun, 
cuneate nucleus; lat, lateral; med, medial.
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cells in the enlargements was slightly lower (C5-C8: 8.4% and 10.2%; L5-S1: 4.9% and 
4.0%, respectively).
In all seven cases retrogradely labeled cells were found in similar locations, but 
because injections were relatively small in cases 2497 and 2511 and did not cover 
large parts of the thalamus, the results from these cases were not included in the 
calculations of mean numbers and percentages described below.

Lamina I Although retrogradely labeled lamina I neurons were found throughout 
the length of the spinal cord, only very few were found at thoracic levels (Figs. 3-5). 
In most cases the retrogradely labeled lamina I neurons were most numerous in the 
cervical and lumbar enlargements, but in cases 2511, 2545 and 2547, with medial 
thalamic injection sites crossing the midline, most labeled lamina I neurons were found 
in the upper cervical segments (C1-C2). Within lamina I most labeled neurons were 
found in the dorsal and dorsolateral parts (Figs. 3 and 4). In case 2497 only very few 
lamina I neurons were found.
The mean number of labeled lamina I neurons bilaterally throughout the length of 
the cord in the fi ve cases with large injection sites was 465, with the highest number 
of 702 labeled lamina I neurons in case 2547 (Table 3). Of all labeled lamina I neurons 
approximately 85% was located contralateral to the injection site. 

Lamina II Very few retrogradely labeled neurons were found in lamina II (Table 3).
Lamina III and IV Also in these laminae very few retrogradely labeled cells were 

found in all cases (Table 3), except for cases 2517 and 2519 (see above).
Lamina V Labeled lamina V neurons were found throughout the cord. In all cases 

with large injections, 30-41% of all labeled lamina V neurons were found in C1-C3 and 
of the remainder most were found in the cervical and lumbar enlargements (Figs. 3-5). 
Within lamina V, labeled neurons were found mainly laterally, although in the upper 
cervical cord many were also found medially (Figs. 3 and 4). Averaged over all spinal 
segments over all cases with large injections approximately 75% of the labeled lamina 
V neurons was located contralaterally.

Lateral part of laminae VI and VII With the exception of the C1-C3 segments, only 
a limited number of labeled neurons was found in the lateral part of laminae VI and 
VII. In C1-C3, however, very many labeled neurons were found in this area (Figs 3-5), 
the great majority of which was located in the ventrolateral portion of lamina VII (Figs. 
3 and 4). In contrast to all other spinothalamic projections, no clear laterality was 
found (Table 3). Only in case 2545 with an injection extending into the hypothalamus 
relatively many labeled neurons (average of 25 per segment) were also found in the 
lateral part of laminae VI and VII of the thoracic spinal cord, mainly contralaterally.

Medial part of laminae VI and VII Three separate populations of labeled neurons 
were observed in the medial part of laminae VI-VII (Figs. 3-5). The largest population was 
located in C1-C2 in lamina VI, located between the cuneate nucleus and the medial 
border of lamina V (Rexed, 1954), with a very strong contralateral preponderance 
(85%). The second, much smaller, group consisted of neurons scattered throughout 
the medial part of laminae VI and VII in the cervical enlargement and upper thoracic 
segments (C5-T3), mainly contralaterally. The third cluster was located in the L4-S2 
segments. In these segments approximately 80% of the labeled medial laminae VI-VII 
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neurons was located on the contralateral side.
Lamina VIII Although labeled lamina VIII neurons were found throughout the 

length of the cord, most were observed bilaterally in the upper cervical segments, 
with the majority in C1 and with gradually declining numbers in C2-C6. Labeled 
neurons on the ipsilateral side were located more ventrally in lamina VIII than those 
on the contralateral side. Also in the L7-S1 segments labeled neurons were found 
in lamina VIII, in which most were located dorsolaterally and some dorsomedially. 
Approximately 65% of all lamina VIII neurons was located contralaterally (Table 3). 

Lamina X In contrast to the labeled neurons in all other laminae, most of the labeled 
lamina X neurons were located in the thoracic and upper lumbar cord, and virtually 
none were found at the cervical levels. The number of retrogradely labeled lamina X 
cells depended strongly on whether the hypothalamus was involved in the injection 
site. In cases 2497, 2511, 2517 and 2519 without involvement of the hypothalamus, 
only very few (12-39) lamina X cells were labeled (Table 3), but in case 2545 with an 
injection involving substantial parts of the caudal hypothalamus, 165 labeled lamina 
X cells were found. 

Estimation of the absolute number of spinothalamic neurons
Table 4 gives the estimated absolute numbers of retrogradely labeled cells in each 
case. The total numbers on the ipsi- and contralateral side in this table refl ects the sum 
of the estimated numbers per lamina. 
The estimated total numbers of spinothalamic neurons ranged from 3475 in case 2497 
with the smallest injection site in the thalamus to 16,326 in case 2545, in which the most 
lateral part of the thalamus escaped the injection site, but with considerable spread 
across the midline and into the hypothalamus and midbrain. Because the differences 
in cells sizes between the different laminae were very small, no considerable 
discrepancies were found between the counted and the estimated numbers in the 
relative contribution of cells in each lamina to the total (compare tables 3 and 4). 

DISCUSSION AND CONCLUSION
Technical considerations
Two concerns are linked to the use of WGA-HRP in tracer studies. The fi rst concern is the 
possible uptake of tracer by damaged fi bers of passage. In this study this problem does 
not seem to be signifi cant, because Craig et al. (1989a) showed that injections in the 
telencephalon anterior to the thalamus, involving the septum, anterior hypothalamus, 
internal capsule, caudate, putamen, amygdala and the ventricles, resulted in only 
a small number of labeled neurons in the spinal cord (11-161 in the enlargements). 
The other problem of using WGA-HRP is transsynaptical labeling when long survival 
times are used. Examples are the retrogradely labeled cells in laminae III and IV in 
cases 2517 and 2519 with survival times of four days instead of three. Because in these 
cases laminae III and IV cells were very weakly labeled and only very few labeled 
laminae III and IV cells were found in other cases, we have concluded that these cells 
were transsynaptically labeled via LCN and DCN and they were not included in our 
counts. 
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Estimated numbers of spinothalamic cells
In the present study as many as 6000 spinothalamic neurons were found in the entire 
spinal cord in a 1:4 series of sections in case 2529, with an injection that covered 
almost the entire thalamus with only limited involvement of the hypothalamus, but 
extending into the rostral midbrain. In an earlier study, using the correction factor 
of Abercrombie (1946) and taking into account the involvement of non-thalamic 
areas in the injection site, we have estimated that the total number of spinothalamic 
tract cells in cat was at least 12,000 (Klop et al., 2004a). In that study, an averaged 
correction factor was used for all spinothalamic neurons in all laminae. Because that 
correction factor (CF=0.567) was slightly lower than those used in this study, slightly 
different total numbers were estimated. For example, the estimated total number of 
neurons in case 2529 in Klop et al. (2004a) was 13,794, while with the CF’s used in the 
present study for each lamina, this number is 14,293, which is 3.5% higher. This latter 
estimated number is probably more accurate, because the relative contribution of 
cells of different sizes to the total number was taken into account in the calculation. 
Burstein et al. (1990a) estimated that in rat 9500 spinothalamic neurons exist. In monkey, 
Apkarian and Hodge (1989a) put forward an estimate of 18,235 spinothalamic cells, 
but this number is probably an overestimation because no correction factor was 
used. 
The number of spinal cells projecting to the hypothalamus is much lower in cat. Katter 
et al. (1991) found approximately 440 labeled spinal cells after injections restricted 
to the hypothalamus, studying alternate sections of 17 selected segments. Although 
several correction factors are needed to precisely compare these fi ndings with 
those of the present study, it is clear that in cat far less spinal neurons project to the 
hypothalamus than to the thalamus.
With regard to the spinal projections to the mesencephalic periaqueductal gray 
(PAG) in cat, Mouton and Holstege (2000), after a large WGA-HRP injection in the 
PAG, found 7468 retrogradely labeled neurons in a 1:4 series of sections, while in the 
present study the largest total numbers of retrogradely labeled neurons from the 
thalamus in an equal 1:4 series of sections were 6906 and 6082, in cases 2545 and 
2529 respectively. Apparently, the spino-PAG projection involves more neurons than 
the spinothalamic tract. 

Existence of at least fi ve separate clusters of spinothalamic neurons
Examining the laminar and segmental distribution of the spinothalamic neurons (Figs. 
3-5) gives the impression that there exist at least fi ve different clusters of spinothalamic 
neurons (Figs. 6 and 7). 
Because of the very large thalamic injection sites, the exact projection area of the 
different clusters within the thalamus cannot be determined. Data from earlier studies, 
however, show that the different clusters project to different parts of the thalamus.

Cluster A
The spinothalamic neurons in laminae I will be defi ned as cluster A (fi gs. 6 and 7). The 
main characteristic of cluster A is that its neurons are located throughout the length of 
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Figure 6. Darkfi eld polarized photomicrographs showing labeled neurons of each of the fi ve 
clusters of spinothalamic neurons after injections of WGA-HRP in the thalamus in case 2517. Scale 
bar represents 300μm.
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Figure 7. Schematic representation of the location of the fi ve clusters of spinothalamic neurons. 
For each cluster, the location of the neurons is indicated by color.  

the spinal cord, mainly contralaterally. The lamina I-thalamic cells constitute less than 
15% of the total of spinothalamic projections (see also Klop et al., 2004b). 
Craig (2003b) showed that lamina I neurons in the spinal cord in cat project to the 
submedial nucleus, the ventral aspect of the basal ventral medial nucleus and ventral 
posterior nuclei, and the dorsomedial aspect of the ventral posterior medial nucleus, 
the lateral habenula, the parafascicular nucleus and the nucleus reuniens. He found 
no projections to the intralaminar nuclei, which is in agreement with the fi ndings of 
Carstens and Trevino (1978b) who found no labeled neurons in laminae I after an 
injection in this part of the thalamus.
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With regard to the function of cluster A, neurons in lamina I receive afferent fi bers 
from nociceptors and thermoreceptors (Willis and Coggeshall, 2004). The role of the 
thalamus in the relay of noxious and thermal input in animals and humans has been 
studied extensively (for review, see Hodge and Apkarian, 1990; Craig, 1994; Craig, 
2003c). 
Many lamina I neurons were also found to project to the PAG. In the study of Mouton 
and Holstege (2000) lamina I neurons, together with neurons in lamina V, were defi ned 
as spino-PAG cluster I. The lamina I neurons in this cluster had a similar location in the 
dorsal and dorsolateral part of lamina I. A difference is that most lamina I-thalamic 
neurons are located in the cervical enlargement, while most lamina I-PAG projecting 
neurons are located in the lumbosacral enlargement (Mouton and Holstege, 2000). 
The present results and those of Klop et al. (2005b) demonstrate that more than twice 
as many lamina I cells project to PAG as to the thalamus.

Cluster B
Cluster B neurons are located in lamina V throughout the length of the spinal cord. 
Most of these neurons are located in the lateral portion of lamina V, but a substantial 
number was also found in the more medial parts. Cluster B represents approximately 
15% of the total spinothalamic cell population. 
In our study labeled lamina V neurons were found in all cases, but the retrograde 
tracing study of Carstens and Trevino (1978b) revealed that lamina V neurons do not 
project to the intralaminar nuclei of the thalamus. 
Neurons in lamina V respond to a wide array of stimuli. They receive input from 
mechanoreceptors, from the skin and from muscles, joints and viscera. Lamina V also 
contains many wide dynamic range neurons, and nociceptive Aδ fi bers terminate on 
cells in this region (for review, see Willis and Coggeshall, 2004).
Lamina V neurons, together with lamina I neurons, form the spino-PAG cluster A 
of Mouton and Holstege (2000). The great majority of lamina V-PAG neurons was 
located in the lateral part of lamina V, while many of the lamina V-thalamus neurons 
were located in the more medial parts, especially in the upper cervical cord. 

Cluster C 
Cluster C neurons are located in the lateral part of laminae VI and VII and the dorsal 
part of lamina VIII of C1-C3. Most cluster C neurons were found in the middle part of 
C1, with their number diminishing more caudally and more rostrally (Mouton et al., 
2005). These neurons are present bilaterally, but predominantly ipsilaterally (Figs. 6 
and 7), and make up approximately 23% (range 19-29%) of all spinothalamic neurons 
(see also Mouton et al., 2005). These spinothalamic tract neurons in the upper cervical 
cord appear to be present also in rat (Kemplay and Webster, 1986; Burstein et al., 
1990b) and primate (Apkarian and Hodge, 1989a). 
Cluster C neurons in cat have been described in only three earlier studies (Carstens 
and Trevino, 1978a; Comans and Snow, 1981; Mouton et al., 2005). They project 
throughout the thalamus, but not to the transition area between the most caudal 
thalamus and the rostral midbrain (Carstens and Trevino, 1978b).
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According to Carstens and Trevino (1978a) in cat some of the cluster C units had 
large, bilaterally symmetrical or asymmetrical receptive fi elds. The receptive fi elds of 
other cluster C units were restricted to the C2 dermatome, and had varied properties. 
However, a third and larger group of cluster C neurons seemed not to be driven by 
any type of natural stimulation that was tested, including light brushing, touch, light-
to-brusque tap, pressure, pinch, pin-prick, cooling with ethyl chloride spray, auditory 
or visual stimuli, thermal or mechanical stimulation applied to face or head and 
manipulation of neck muscles. 
Because many of the cells in the ventrolateral upper cervical cord had been 
reported to receive highly convergent somatosensory input, Comans and Snow  
(1981) suggested that these neurons are comparable with DCN and LCN neurons. 
On the other hand, Carstens and Trevino (1978b) showed that after a small injection 
largely confi ned to the ventroposterior lateral thalamus (VPL) many labeled neurons 
were found in the contralateral DCN and LCN, but not at the location of cluster C or 
in other parts of the spinal cord. Conversely, in cases 2497 and 2547 of the present 
study, many labeled cells were found in cluster C and none or only few in the DCN 
and LCN.
The location of cluster C corresponds with the spino-PAG cluster II of Mouton and 
Holstege (2000). Cluster II cells were found to project mainly to the ventrolateral and 
lateral PAG and adjacent tectum. 

Cluster D
Cluster D neurons are located in lamina VI of the C1 and C2 segments, between the 
cuneate nucleus and lamina V, contralaterally (Figs. 6 and 7). Slightly less than 10% 
(range: 7-12%) of all spinothalamic neurons belong to this cluster. Neurons in cluster D 
have been reported not to project to the intralaminar nuclei (Carstens and Trevino, 
1978b). Cells in this region have been found to project ipsilaterally to the DCN in cat 
and monkey (Rustioni, 1977; Rustioni and Kaufman, 1977). The function of the cluster 
D spinothalamic cells is not known. 
Mouton and Holstege (2000) have reported that cells at this same location project to 
the tectum adjoining the PAG, but not to the PAG itself. 

Cluster E  
Cluster E neurons were found in the medial part of laminae VI-VII and VIII of the L4-
Coc2 segments, predominantly contralaterally (Figs. 6 and 7). This cluster represents 
almost 10% to the total number of spinothalamic cells. 
This thalamic projection from the medial part of laminae VI-VII and VIII in the 
lumbosacral cord has also been reported by other researchers in cat (Trevino et al., 
1972; Trevino and Carstens, 1975; Carstens and Trevino, 1978b; Meyers and Snow, 
1982a; Meyers and Snow, 1982b; Craig et al., 1989a; Katter et al., 1991), and also in 
rat  (Kemplay and Webster, 1986; Burstein et al., 1990b) and monkey (Trevino and 
Carstens, 1975; Willis et al., 1979; Apkarian and Hodge, 1989a). Craig et al. (1989a) 
found that in cat most of these neurons project to the medial thalamus, whereas a 
smaller portion projects to the lateral thalamus and some of these neurons project to 
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both parts of the thalamus. 
Spinothalamic cells in medial L7 in cats have large, often bilateral, receptive fi elds on 
the hindlimbs and wide areas of the body (Meyers and Snow, 1982b). Excitatory or 
inhibitory responses were found to hair movement, light touch or tap, innocuous and 
noxious pinch, innocuous and noxious joint movement, fl icking, palpation or defl exion 
of large muscles, and noxious heat. Skin cooling and warming were the only studied 
stimuli that failed to produce a response in these neurons (Meyers and Snow, 1982b). 
Spinothalamic neurons in medial laminae VI and VII at S2-S3, also called Stilling’s 
nucleus, were studied in monkey (Milne et al., 1982). These units lacked cutaneous 
receptive fi elds, but reacted to bending the tail to the contralateral side, thereby 
probably signaling its spatial orientation to the thalamus.
Cluster E occupies the same region as the spino-PAG cluster IV, which projects to the 
lateral part of the lateral PAG (VanderHorst et al., 1996; Mouton and Holstege, 2000). 

Two spinal clusters that were found to project to the PAG, do not project to the 
thalamus.
PAG cluster III as defi ned by Mouton and Holstege (2000) has been described as 
the neurons in lamina X of the thoracic and upper lumbar cord. In the present study 
only in case 2545, with an injection site extending into the dorsal hypothalamus, 
a considerable number of labeled lamina X cells was found. In contrast, in case 
2547, with an injection site in a similar location in the thalamus, but with only minor 
involvement of the hypothalamus, only very few labeled lamina X cells were found. 
Because lamina X cells have been reported to project to the hypothalamus in cat 
(Katter et al., 1991), it was concluded that lamina X does not have a considerable 
projection to the thalamus. 
PAG cluster V has been defi ned as the PAG projecting neurons located in the lateral PAG cluster V has been defi ned as the PAG projecting neurons located in the lateral PAG cluster V
part of lamina I of L6-S2 and in laminae V-VII and X of S1-S3. Cells in this region do not 
project to the thalamus (see Klop et al., 2005c).

Collaterals to thalamus and PAG
The resemblance between the location of some of the spinothalamic and spino-
PAG clusters raises the question of whether these neurons project to both PAG 
and thalamus, or to only one of these structures. In rat Liu (1986) made injections of 
fl uorescent tracers in both PAG and intralaminar thalamic nuclei, and found some 
double labeled neurons, mostly in the lumbosacral enlargement, especially in the 
lateral lamina V, medial lamina VII and the nucleus of the dorsolateral funiculus. Nine 
percent of all retrogradely labeled neurons were double labeled. Zhang et al. (1990) 
in monkey made injections in the VPL of the thalamus and in the PAG. They found that 
in the cervical enlargement 14.7% of the neurons projecting to the PAG also projected 
to the VPL and that 6% of the neurons projecting to the VPL also projected to the PAG. 
In the lumbar enlargement these percentages were 15.3%  and 2.9%, respectively. 
It must be noted, however, that the percentages of spinothalamic neurons also 
projecting to the PAG found in this study are probably underestimations, because 
the injection sites in the PAG were very small and mainly restricted to the dorsolateral 
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PAG, an area known to receive only very sparse projections from the spinal cord 
(Wiberg and Blomqvist, 1984a; Yezierski, 1988; Mouton and Holstege, 2000). 

In conclusion, the present results show that, although the spinothalamic pathway 
is usually associated with lamina I cells conveying information about pain and 
temperature, most spinothalamic neurons are located in other laminae and most 
of them are probably involved in the transmission of information of other modalities. 
Most research on the STT has focused on projections from the enlargements to the 
thalamus, but the present results show that most spinothalamic cells are located 
outside the enlargements. 
At least fi ve clusters of STT neurons exist, each possibly subserving a specifi c function. 
These different clusters found in cat also appear to exist in monkey (Apkarian and 
Hodge, 1989a) and rat (Burstein et al., 1990b), although the clusters were not defi ned 
by these authors. Anterograde and retrograde tracing data from earlier studies 
suggest that the different clusters have different targets within the thalamus. 
The STT clusters show remarkable similarities, but also differences, with the spino-
PAG clusters as defi ned by Mouton and Holstege (2000). Interestingly, the visceral 
information from the lateral sacral cord, and from lamina X of the thoracic and upper 
lumbar cord targets only PAG and hypothalamus, but not thalamus. Conversely, cluster 
D neurons, located in lamina VI in the upper cervical segments, reach thalamus and 
tectum, but not the PAG, very similar to the dorsal column nuclei with which cluster D 
neurons are connected.
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In cat four times as many lamina I neurons project 
to the parabrachial nuclei and twice as many to the 

periaqueductal gray as to the thalamus

Esther-Marije Klop, Leonora J. Mouton, Rogier Hulsebosch, José Boers and 
Gert Holstege

Neuroscience; 134(1):189-197 (2005)

ABSTRACT
The spinothalamic tract, and especially its fi bers originating in lamina I, is the best known 
pathway for transmission of nociceptive information. On the other hand, different studies have 
suggested that more lamina I cells project to the parabrachial nuclei (PBN) and periaqueductal 
gray (PAG) than to the thalamus. The exact ratio of the number of lamina I projections to 
PBN, PAG and thalamus is not known, because comprehensive studies examining these three 
projections from all spinal segments, using the same tracers and counting methods, do not 
exist.
In the present study, the differences in number and distribution of retrogradely labeled lamina 
I cells in each segment of the cat spinal cord (C1-Coc2) were determined after large WGA-
HRP injections in either parabrachial nuclei (PB), periaqueductal gray (PAG) or thalamus. We 
estimate that approximately 6000 lamina I cells project to PBN, 3000 to PAG and less than 1500 
to the thalamus. Of the lamina I cells projecting to thalamus or PAG more than 80%, and of the 
lamina I-PBN cells approximately 60%, was located on the contralateral side. In all cases, most 
labeled lamina I cells were found in the upper two cervical segments and in the cervical and 
lumbar enlargements. 

INTRODUCTION
Cells in lamina I, or marginal layer, of the spinal cord play an essential role in conveying 
information about noxe and temperature to supraspinal structures. The great 
majority of these lamina I neurons receive A∂ and C fi ber input and is nociception 
specifi c (Willis and Coggeshall 2004). The somatosensory thalamus is the best known 
supraspinal target of these lamina I neurons (Mott, 1892; Mott, 1895; Mehler, 1969; 
Trevino and Carstens, 1975; Carstens and Trevino, 1978b; Willis et al., 1979; Kemplay 
and Webster, 1986; Apkarian and Hodge, 1989a; Burstein et al., 1990b; Zhang et al., 
1996; Zhang and Craig, 1997; Willis et al., 2001), but parabrachial nuclei (PBN) and 
periaqueductal gray (PAG) have also been shown to be important termination areas 
of lamina I projections (Trevino 1976; Menetrey et al., 1982; Wiberg and Blomqvist, 
1984a; Panneton and Burton, 1985; Wiberg et al., 1987; Hylden et al., 1989; Craig, 
1995; Keay et al., 1997; Mouton and Holstege, 2000). Both PBN and PAG have also 
been associated with pain control (Basbaum and Fields, 1984; DeSalles et al., 1985; 
Besson and Chaouch, 1987; Besson et al. 1991). In PET studies in humans, both PAG 
and rostral pons, probably including PBN, have been shown to play an important role 
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in both acute and chronic pain and in pain modulation (Hsieh et al., 1996; Petrovic 
et al., 1999; Kupers et al., 2000; Derbyshire et al., 2002; Tracey et al., 2002; Singer et al., 
2004; Matharu et al., 2004). Furthermore, stimulation in PBN in patients with intractable 
pain has successfully been used for pain relief (Katayama et al., 1985; Young et al., 
1992). 
It has been suggested that more lamina I cells project to PBN (rat: Hylden et al., 1989) 
or to PAG (rat: Menetrey et al., 1982; cat: Mouton and Holstege, 1998; monkey: Trevino 
1976) than to the thalamus, but it is not known what their ratio is, because these 
comparisons were based on studies of only few spinal segments, on data from the 
literature obtained with the use of different tracers and different counting methods, or 
on studies in which the injection sites did not cover the entire thalamus. In the present 
study in cat we have used the same method to determine the total number of lamina 
I-PBN, lamina I-PAG and lamina I-thalamus neurons.

MATERIALS AND METHODS
Experimental procedures
A total of 14 female cats was used with large injections into either PBN (cases 2500, 
2592, 2602 and 2611), PAG (cases 2155, 2159, 2385, 2390 and 2424) or thalamus (cases 
2517, 2519, 2529, 2545 and 2547). Six of these cases with the most successful injections 
are presented in this study. The surgical procedures, pre- and postoperative care, as 
well as the handling and housing of the animals followed protocols approved by the 
Faculty of Medicine of the University of Groningen. All animals were initially anesthetized 
with intramuscular ketamine (Nimatek, 0.1 ml/kg) and xylazine (Sedamun, 0.1 ml/kg), 
and subsequently ventilated with a mixture of O2, N2O (1:2) and 1-2% halothane or 
isofl urane, while ECG and body temperature were monitored. 
Injections of 2.5% wheat germ agglutinin-conjugated horseradish peroxidase (WGA-
HRP; Sigma, St. Louis, MO, USA) in saline were made into PBN (cases 2592 and 2611), 
PAG (cases 2155 and 2385) or thalamus (cases 2529 and 2547) under stereotaxic 
guidance using Berman’s (1968) atlas for PBN and PAG injections and the atlas of 
Berman and Jones (1982) for thalamus injections. A micropipette (PBN cases 2592 
and 2611 and PAG case 2385) or a Hamilton syringe (PAG case 2155 and thalamus 
cases 2529 and 2547) was used to inject the tracer. In cases with thalamus or PAG 
injections a dorsal approach was used, while in cases with PBN injections a caudal 
approach under a 15° angle was used to avoid the osseous tentorium cerebelli, 
guiding the pipette through the cerebellum. Injections were aimed to cover all parts 
of the areas of interest and multiple injections were made in all regions. A total volume 
of approximately 0.15μl was injected in PBN and PAG, while 13.8μl (case 2529) and 4.3 
μl (case 2547) was injected in the thalamus. Survival times were approximately three 
days.
For perfusion, all animals were initially anesthetized with intramuscular ketamine 
(Nimatek, 0.1ml/kg) and xylazine (Sedamun, 0.1ml/kg), followed by an overdose 
(6-10ml) of intraperitoneal 6% pentobarbital sodium. Subsequently, they were 
perfused transcardially with 2 liters of 0.9% saline, immediately followed by 2 liters 
of 0.1M phosphate buffer (pH 7.4), containing 4% sucrose, 1% paraformaldehyde 
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and 2% glutaraldehyde, except in case 2592, in which the solution contained 1% 
glutaraldehyde and no sucrose.
After perfusion the brains and spinal cords were removed, post-fi xed for two hours 
and stored overnight in 25% sucrose in phosphate buffer at 4°C. In order to defi ne 
the extent of the injection sites, transverse 40µm frozen sections of the brainstem or 
thalamus were incubated with diaminobenzidine (DAB) in a 1:4 or 1:5 (case 2155) 
series of sections, and studied with brightfi eld illumination. 
The spinal cord was divided into 33 segments (C1-Coc2) by placing a cut just caudal 
to each entering dorsal root. All spinal segments were cut into transverse serial 40µm 
frozen sections and every fourth or every fi fth (case 2155) section was incubated 
according to the tetramethyl benzidine (TMB) method. In each case the retrogradely 
labeled lamina I neurons in all processed sections of all spinal segments were plotted 
and counted, using darkfi eld polarized illumination. To compare the numbers of 
labeled cells and of studied sections in case 2155 with those found in the other cases, 
numbers in case 2155 were multiplied with 1.25. Such a correction is allowed because 
in all cases an unbiased sample was taken and double counting of cells could not 
occur in a 1:5 series of 40μm sections. The corrected numbers were used in all analyses 
shown in this paper.
In order to estimate the total number of lamina I cells projecting to PBN, PAG and 
thalamus based on the numbers found in a 1:4 series of sections, the correction factor 
of Abercrombie (1946) was used, because simply multiplying by four would lead to 
an overestimation (Coggeshall and Lekan, 1996). This correction factor is defi ned 

Figure1. Darkfi eld and brightfi eld photomicrographs showing the injection sites after diamino 
benzidine (DAB) staining in the parabrachial nuclei (case 2611), periaqueductal gray (case 2385) 
and  thalamus (case 2529). aq, cerebral aquaduct; BC, brachium conjunctivum; F, fornix; IC, 
internal capsule; LD, lateral dorsal nucleus; LGN, lateral geniculate nucleus; mesV, mesencephalic 
trigeminal tract; MT, mammillothalamic tract; OT, optic tract; PAG, periaqueductal gray; VBX, 
ventrobasal complex; VMP, principal ventral medial nucleus. Scale bar represents 1.5mm in all 
photographs.
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as M/(M+L), with M being the thickness of the section (40μm) and L the average 
rostrocaudal length of the neurons that were counted. Lamina I cells are known to 
have a specifi c rostrocaudal orientation, which cannot be measured in transverse 
sections. Therefore, the mean of the measurements of two cat studies was taken, 
which were 32μm (Galhardo and Lima, 1999) and 40 μm (Zhang et al., 1996). Using 
36μm as the mean rostrocaudal length, the correction factor is 40/(40+36) = 0.526.
Photomicrographs in fi gure 3 were taken using a Leica digital camera and processed 
using Adobe Photoshop software.

RESULTS
Injection sites
Figures 1 and 2 show the injection sites in PBN, PAG and thalamus. Injections in PBN 
involved mainly the ventral and lateral parts in case 2592, and the dorsal, lateral and 
ventral parts in case 2611. In both cases the injection sites included the Kölliker-Fuse 
nucleus. Small leakage of the tracer into the cerebellum occurred along the needle 
track. Injection sites in the PAG involved the lateral and ventrolateral parts of the 
intermediate and caudal PAG and the adjacent tectal layers. In the thalamus the  
injection sites extended from the level of the anterior commissure to the level of the 
rostral midbrain. In case 2529 the entire left thalamus was injected. In case 2547 the 
injection site crossed the midline, but did not extend into the most lateral thalamus. 
In both cases the injection sites extended into the rostral mesencephalon caudally 
and, but to only a minor extent, into the hypothalamus ventrally. In case 2529 a large 
amount of tracer spread into the overlying cortical layers and internal capsule.

Retrogradely labeled neurons in the spinal cord
Labeled lamina I neurons were found in all cases (fi gs. 3 and 4). Table 1 gives the 
numbers of cells that were counted in lamina I after PBN, PAG and thalamus injections 
in an 1:4 series of sections. Results show that most labeled cells were found in lamina 
I after injections in the PBN (2595 and 3050 labeled neurons), and clearly less labeled 
cells were found after PAG injections (1615 and 1261 labeled cells). Even fewer labeled 
lamina I neurons were found in the two thalamus injected cases (628 and 701). In case 
2547, the most lateral parts of the thalamus were not included in the injection site, 
which could have resulted in less labeled lamina I neurons. On the other hand, the 
spread of tracer into the rostral midbrain and over the midline (case 2547) might have 
caused extra lamina I cells to be labeled from this part of the brain.
Using the correction factor of Abercrombie (1946) leads to an estimation of and 
average of 5939 lamina I-PBN cells, 3026 lamina I-PAG cells and 1398 lamina I-thalamus 
cells. The ratio of the average numbers of labeled lamina I neurons from thalamus, 
PAG and PBN was 1 : 2.16 : 4.25. 
In all cases most labeled lamina I neurons were found on the contralateral side, but this 
contralateral preponderance was much stronger in the PAG and thalamus injected 
cases (81.9-85.3%) than in the PBN injected cases (approximately 60%). Histograms 
in fi gure 4 show that in the PBN injected cases the largest differences in ipsi- and 
contralaterally labeled lamina I neurons were present in the enlargements, while in 
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Figure 2. Schematic drawings of the injection sites. The core of the injection is in dark gray and 
the halo in light gray. PAG, periaqueductal gray; PBN, parabrachial nuclei.

case                     total                         contralateral                    ipsilateral            # sections          mean   
              total per section
   (1:4) estimated (1:4) estimated (1:4) estimated  (1:4) estimated

PBN          
 2592 2595 5460 1516 3190 1079 2270 1807 1.4 3.0
    58.4%  41.6%     
 2611 3050 6417 1990 4187 1060 2230 1906 1.6 3.4
    65.2%  34.8%     
PAG          
 *2155 1615 3398 1323 2784 292 614 1746 0.9 1.9
    81.9%  18.1%     
 2385 1261 2653 1076 2264 185 389 1856 0.7 1.4
    85.3%  14.7%     
thalamus          
 2529 628 1321 521 1096 107 225 1827 0.3 0.7
    83.0%  17.0%     
 2547 701 1475 586 1233 115 242 1855 0.4 0.8
    83.6%  16.4%     

Table 1. Number of labeled lamina I cells found on the ipsi- and contralateral side in 1:4 series 
of sections per case. The number of sections studied in each case and the average number of 
labeled lamina I cells per section are given in the columns on the right. PAG; periaqueductal 
gray; PBN, parabrachial nuclei.
* All numbers in case 2155 have been recalculated to a 1:4 series of sections (see Methods).
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PAG
injection

PBN
injection

thalamus
injection

C8

Figure 3. Darkfi eld photomicrographs 
using polarized illumination of lamina 
I neurons in C8 segments in case 2611 
with a parabrachial (PBN), case 2385 
with a periaqueductal gray (PAG) and 
case 2529 with a thalamus injection. 
Scale bar represents 150μm.



115

Lamina I projections to PBN, PAG and thalamus

most other segments the numbers labeled lamina I cells were almost equal on both 
sides. The ratio of the contralateral lamina I cells was 1 : 2.17 : 3.16, for thalamus, PAG 
and PBN, and of the ipsilateral lamina I cells 1 : 2.15 : 9.63.
The distribution of lamina I cells over the rostrocaudal extent of the cord is generally 
similar in all cases (fi g. 4). Relatively many labeled lamina I cells were found in the upper 
cervical segments, although relatively few in PBN injected case 2592 and thalamus 
injected case 2529. Many labeled lamina I cells were also found in the enlargements. 
Only in parabrachial injected case 2611 relatively few labeled cells were found in 
lamina I of the segments of the lumbar enlargement. 
Within lamina I, the majority of retrogradely labeled neurons was found on the dorsal 
cap of the dorsal horn in all cases, irrespective of the injection site in either PBN, PAG 
or thalamus. A smaller number of labeled neurons was found medially and laterally to 
the dorsal cap along the lateral edge of the dorsal horn.
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Figure 4. Histograms showing the numbers from 1:4 series of sections and estimated numbers per 
case of labeled lamina I cells per segment on the ipsi- and contralateral side. All numbers in case 
2155 have been recalculated to a 1:4 series of sections (see Methods).
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DISCUSSION
In the present study, for the fi rst time, the numbers of lamina I cells from all segments of 
the spinal cord projecting to PBN, PAG and thalamus have been compared using the 
same tracer, the same histological procedures and the same counting techniques. 
The present results showed that the number of lamina I-PBN cells was approximately 
four times, and that of lamina I-PAG cells approximately two times, higher than the 
number of lamina I-thalamus cells (fi g. 5). The total estimated number of lamina I cells 
projecting to PBN was 6000, to PAG 3000 and to thalamus less than 1500.

Technical and methodological considerations
For this study we have chosen WGA-HRP as our tracer. WGA-HRP, in contrast to HRP 
without a conjugate, produces the same results concerning the number of lamina I 
neurons after injections in brainstem and thalamus compared to fl uorescent tracers 
and cholera toxin subunit b (Craig et al., 1989a; Craig et al., 1989b; Zhang et al., 1996; 
present study). Moreover, WGA-HRP, is a better tracer with regard to the retrograde 
labeling of cells in other parts of the spinal gray matter (Craig et al., 1989b), which 
is important, because the results from the retrogradely labeled neurons in the other 
laminae have been used (Klop et al., 2004a; Klop et al., 2004b) and will be used for 
other studies in the future. Another advantage of WGA-HRP is that it spreads relatively 
far from the center of the injection site, making it possible to cover large parts of a 
particular brain structure. 
The quality of the retrograde labeling in the present study was similar in all cases and 
at all spinal cord levels. In an earlier study (Klop et al., 2004a; Klop et al., 2004b) we 
described that longer survival times for the thalamus injected cases did not result 
in more labeled (lamina I) neurons in the spinal cord. Although the injections in the 
thalamus were much larger than in PBN or PAG, in the thalamus injected cases a 
much smaller number of labeled lamina I cells was found. In the other parts of the 
spinal gray matter, however, numerous labeled cells were found in these cases (Klop 
et al., 2004a; Klop et al., 2004b).
Although we did not succeed to fi ll the structures of interest entirely with the tracer, 
the greater parts of PBN, PAG or thalamus were injected in the present study. Our 
most accurate injections (case 2611 for PBN, case 2155 for PAG and case 2529 for 
thalamus) covered those areas that have been described in anterograde tracing 
studies to receive lamina I projections (Craig, 1995; Craig, 2003b). However, although 
the greater part of these structures were injected in these cases, our injections might 
have missed some small areas to which lamina I neurons send fi bers. It means that the 
numbers given in the present study might be lower than the actual number of lamina 
I neurons. 
On the other hand, the injections also spread to neighboring structures, which might 
have led to overestimations. For example, in the PBN injected cases small tracer 
leakage in the cerebellum was found. This, however, does not pose a problem, since 
it has been shown in cat that only very few lamina I neurons project to the cerebellum 
(Matsushita et al., 1979; Matsushita and Hosoya, 1982; Grant et al., 1982). In our PAG 
injected cases, parts of the adjoining tectum and tegmentum were also involved in 
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parabrachial nuclei

thalamus

lamina Ispinal cord

periaqueductal gray

Figure 5. Schematic representation of the 
relative strength of lamina I projections to 
parabrachial nuclei, periaqueductal gray 
and thalamus. 

the injection sites, but projections from lamina I to these structures are also limited 
(Craig, 1995; Mouton and Holstege, 2000). Concerning the thalamus injected cases, 
the numbers of retrogradely labeled lamina I cells found in case 2529 are probably 
most accurate, because in this case all parts of the thalamus were injected and 
only limited spread was seen to non-thalamic structures. Although the injection site 
also extended into the hypothalamus, this probably did not contribute much to the 
number of labeled lamina I neurons, since in cat, unlike in rat, almost no lamina I 
neurons project to the hypothalamus (Katter et al., 1991).  In case 2547 the most 
lateral thalamus was not included in the injection, which might have caused less 
labeled lamina I neurons, although the fi gures in the study of Craig (2003b) show 
that the densest lamina I projections from the enlargements are not to this part of the 
thalamus. On the other hand, the injection in this case extended over the midline, 
probably causing extra labeled lamina I neurons from the submedial nucleus (Craig, 
2003b). 
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In the PBN injected cases, the possibility exists of uptake by damaged fi bers en route 
to the thalamus, although most fi bers of the spinothalamic tract are located more 
ventrally. In the unlikely event that all lamina I-thalamic neurons were labeled via their 
fi bers of passage in cases with PBN injections, even then the lamina I-PBN projection 
would still be three times stronger than the lamina I-thalamus projection.

Comparison with earlier studies
The present fi ndings correspond well with suggestions of other authors that the 
projections from lamina I to the thalamus, compared to PAG and PBN, are limited. In 
cat, Mouton and Holstege (1998) estimated that three times as many lamina I neurons 
project to the PAG as to the thalamus. Their estimation was based on the number 
of lamina I cells after WGA-HRP injections in the PAG, compared with data from the 
study of Zhang et al. (1996) in which the feline thalamus was injected with cholera 
toxin-subunit b (CT-b). However, the number of retrogradely labeled lamina I cells 
after thalamic injections estimated in the present study (1500) exceeds the number 
of lamina I cells that was found in the study of Zhang et al. (1996), in which 1360 
lamina I cells were found in horizontal sections in a 1:1 series of sections in the C3-
Coc4 spinal cord, but in which no correction was used for double counted neurons, 
because relative proportions and not absolute numbers were their primary concern. 
This explains why Mouton and Holstege (1998), based on these data, came to an 
overestimation of three, instead of two, times more lamina I neurons projecting to the 
PAG than to the thalamus. The present estimation, based on comparisons using the 
same neural tracer and the same counting methods, is more accurate. In rat, cat 
and monkey, anterograde tracing studies (Craig, 1995; Bernard et al., 1995) have 
shown denser projections to PBN than to PAG. A retrograde tracing study of Trevino 
(1976) in monkey has shown more labeled lamina I neurons in selected segments 
after an injection covering a large part of the dorsal mesencephalon, including PAG, 
than after a large injection in the lateral parts of the thalamus. We are not aware of 
retrograde tracing studies revealing the total number of lamina I-PAG or lamina I-PBN 
projecting cells for the entire spinal cord in this species.
In the present study, higher percentages of ipsilaterally labeled lamina I neurons were 
found in the PBN injected cases than in the PAG and thalamus injected cases. This 
observation corresponds with retrograde tracing results found in earlier studies in cat 
(Panneton and Burton, 1985; Hylden et al., 1989) and with results from an anterograde 
study by Craig (1995) in cat and monkey. These studies show that projections from 
lamina I cells in the cervical and lumbar enlargements to PBN have a much larger 
ipsilateral component than projections to PAG and thalamus. 

Functional considerations
Are all lamina I neurons projecting to PBN, PAG and thalamus nociceptive specifi c? 
Physiological studies in rat and cat have shown that the great majority of neurons in 
the superfi cial dorsal horn projecting to PBN and PAG is nociceptive specifi c (Hylden 
et al., 1986; Light et al., 1993; Bester et al., 2000; Todd et al., 2002), but it is important 
to realize that they also have functions not directly related to pain. ‘Nociceptive-
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specifi c’ lamina I neurons have been reported to respond to changes in the tissue’s 
metabolic states not necessarily perceived as pain, and are probably important in 
homeostasis (for review see Craig, 2003a; Willis and Coggeshall, 2004). Furthermore, 
cells identifi ed as wide dynamic range neurons or heat-pinch-cold cells have been 
found to project from lamina I to PBN, PAG and thalamus, as well as cells selectively 
responsive to innocuous cooling (Hodge and Apkarian, 1990 for review; Light et al., 
1993). 
One study in monkey showed that the morphological characteristics of lamina I cells 
correlate with their specifi c function (Han et al., 1998). Other studies in rat and cat, 
however, have shown that this is not the case in these species (Hylden et al., 1986; 
Todd et al., 2002) and that the presence of the neurokinin 1 receptor in lamina I 
neurons seems to be a better indicator of their function than their morphology (Todd 
et al., 2002). Also, in rat no consistent morphological differences exist between cells 
that project to PBN, PAG or caudal ventrolateral medulla (Spike et al., 2003). In our 
study, the morphology of labeled lamina I cells was not studied, because lamina I 
cells have a specifi c rostrocaudal orientation which can only be fully appreciated in 
horizontal and not in transverse sections (Zhang et al., 1996; Han et al., 1998; Galhardo 
and Lima, 1999). 
Lamina I cells are not the only neurons involved in conveying information about 
noxe. Neurons in deeper laminae have been shown to convey noxious information to 
supraspinal structures. Wide dynamic range neurons located in the deep laminae of 
the dorsal horn have been shown to project to PBN, PAG and thalamus (Yezierski and 
Schwartz, 1986; Zhang et al., 1991; Bourgeais et al., 2001).
Anyway, the presence of extensive projections of lamina I neurons to the structures of 
the brainstem as compared to the thalamus found in the present and earlier studies, 
is in good agreement with the readopted view of pain as a homeostatic emotion, 
similar to temperature, hunger and thirst (Perl, 1998; Gauriau and Bernard, 2002; Craig, 
2003a). 
The majority of the PBN neurons in regions receiving lamina I input projects to either 
amygdala or hypothalamus and are nociceptive specifi c. These projections probably 
play a role in the emotional and autonomic aspects of pain (Bernard and Besson, 
1990; Bester et al., 1995; Bernard et al., 1996). Both PBN and PAG are known to play a 
role in nociception control. Stimulation in PBN and PAG has been shown to produce 
analgesia in animals and humans (DeSalles et al., 1985; Katayama et al., 1985; 
Besson et al. 1991). In animals this analgesia has been shown to be accomplished 
through projections to the spinally projecting raphe nuclei (Basbaum and Fields, 1984; 
Katayama et al., 1986; Besson and Chaouch, 1987; Vanegas and Schaible, 2004). 
The analgesia elicited in PAG and PBN should be seen as part of a wide array of 
survival mechanisms. Electrical or chemical stimulation of the PAG can elicit fi ght, 
fl ight or freezing accompanied by non-opioid mediated analgesia, as well as the 
appropriate autonomic responses, such as hypertension and tachycardia and 
vasodilation in specifi c parts of the body recruited for these behaviors (for review, see 
Keay and Bandler, 2001). The defensive response from the PAG might, among many 
others, be provoked by noxious stimuli. It is however, important to realize that lamina 
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I neurons only provide a limited part of all the spinal projections to the PAG (Mouton 
et al., 2001).
Although large differences exist in the total number and distribution of lamina I 
projections to PBN, PAG or thalamus, certain lamina I neurons might send their axons 
to two or all three structures. Different studies with different areas of interest, using 
different methods and in different species gave different results. Double labeling 
studies in rat and monkey have shown that indeed some lamina I cells project to both 
PAG and VPL of the thalamus, but the fi gures in the papers of  Liu (1986) and Zhang 
et al. (1990) suggest that they represent only a small portion of all labeled lamina I 
cells. However, injection sites in these studies were small and, therefore, might lead 
to an underestimation of  the number of these cells. Injections in PBN and VPL in rats 
(Hylden et al., 1989) have shown that 85% of lamina I-thalamus projecting cells in the 
enlargements have collaterals to the PBN. The reverse was not true, i.e. the majority of 
lamina I-PBN neurons were only single-labeled (Hylden et al., 1989). Spike et al. (2003) 
reported that 80% of the lamina I cells that projected to the caudal ventrolateral 
medulla also projected to the PBN and vice versa, and 90% of the lamina I cells 
labeled from PAG was also labeled from either medulla or PBN. On the other hand, 
lamina I-PBN and lamina I-PAG projection neurons in rats show different fi ring patterns 
in vitro, although half of the spino-PAG neurons showed the same fi ring pattern as 
the spino-PBN neurons (Ruscheweyh et al., 2003). A fl uorescent labeling study in 
cat showed no double labeled cells in lamina I of the medullary dorsal horn after 
injections into PBN and the medial thalamus (Panneton and Burton, 1985). Moreover, 
in cat separate populations of lamina I cells appear to project to caudal medulla 
and thalamus (Andrew et al., 2003), or to medial and lateral thalamus (Craig et al., 
1989a). It is tempting to conclude that, although in rat lamina I cells project to more 
than one structure, in cat different populations of lamina I neurons project to different 
supraspinal structures, possibly relaying different types of information. 

In conclusion, the present fi ndings, together with those from earlier studies, indicate 
that a much larger number of lamina I cells project to PBN and PAG than to the 
thalamus. Also in humans PBN and PAG have been associated with pain perception 
and pain control (Hsieh et al., 1996; Petrovic et al., 1999; Kupers et al., 2000; Derbyshire 
et al., 2002; Tracey et al., 2002; Singer et al., 2004; Matharu et al., 2004). However, in 
textbooks used in medical training a predominant role is still being attributed to the 
lamina I-thalamic projection concerning pain. The strong lamina I projections to the 
brainstem deserve more attention.
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ABSTRACT
By far the strongest spinal cord projections to periaqueductal gray (PAG) and thalamus 
originate from the upper three cervical segments, but their precise organization and function 
is not known. In the present study in cat tracer injections in PAG or in thalamus resulted in 
more than 2400 labeled cells, mainly contralaterally, in the fi rst three cervical segments (C1-
C3), in a 1:4 series of sections, excluding cells in the dorsal column and lateral cervical nuclei. 
These cells represent about 30% of all neurons in the entire spinal cord projecting to PAG, and 
about 45% of all spinothalamic neurons. About half of the C1-C3 - PAG and C1-C3 - thalamic 
neurons were clustered laterally in the ventral horn (C1-3vl), bilaterally, with a slight ipsilateral 
preponderance. The highest numbers of C1-3vl-PAG and C1-3vl-thalamic cells were found in C1, 
with the greatest density rostrocaudally in the middle part of C1. A concept is put forward that 
C1-3vl cells relay information from all levels of the cord to PAG and/or thalamus, although the 
processing of specifi c information from upper neck muscles and tendons or facet joints might 
also play a role.

INTRODUCTION
The spinothalamic tract is the best known projection from spinal cord to supraspinal 
levels. Especially the lamina I projections to thalamus are thoroughly studied, because 
these are clinically important for their role in relaying nociceptive information from 
body and extremities. Also the periaqueductal gray (PAG) is well known for its role in 
nociception and for its afferents from lamina I neurons throughout the length of the 
spinal cord. Recent quantitative tracer studies of our lab  (Mouton et al., 2001; Klop 
et al., 2004b), however, have shown that no more than 30% of all spino- PAG and no 
more than 15% of all spino-thalamic neurons are located in lamina I. It means that 
other areas of the spinal cord contain large numbers of spino-PAG and spino-thalamic 
neurons, possibly relaying other information to PAG and thalamus than nociception. 
Earlier studies showed that the upper cervical cord is one of these other areas, as 
tracer injections in PAG of rat  (Menetrey et al., 1982; Pechura and Liu, 1986; Yezierski 
and Mendez, 1991; Keay et al., 1997), cat  (Wiberg and Blomqvist, 1984b; Keay and 
Bandler, 1992; Mouton and Holstege, 2000) and monkey  (Wiberg et al., 1987; Zhang 
et al., 1990), as well as tracer injections in thalamus of rat  (Giesler et al., 1979; Kevetter 
and Willis, 1983; Granum, 1986; Kemplay and Webster, 1986; Burstein et al., 1990b), 
cat  (Carstens and Trevino, 1978a; Carstens and Trevino, 1978b; Comans and Snow, 
1981) and monkey  (Apkarian and Hodge, 1989a; Zhang et al., 1990; Willis et al., 
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2001) resulted in large numbers of labeled cells in the upper three cervical segments 
(C1-C3). However, in no species precise quantitative data on both the spino-PAG 
and spino-thalamic neurons exists. In rat it has been estimated that 30 to 50% of all 
spino-PAG  (Yezierski and Mendez, 1991; Keay et al., 1997) and 30 to 40% of all spino-
thalamic neurons  (Kemplay and Webster, 1986; Burstein et al., 1990b) are located 
in the C1-C3 segments. However, these are only estimates and are based on counts 
of about 60% of the spinal segments and not of all spinal segments  (Burstein et al., 
1990b; Keay et al., 1997), and/or the numbers of C1-C3 neurons also included labeled 
cells in the lateral cervical nucleus (LCN) and nucleus of the dorsolateral funiculus  
(Yezierski and Mendez, 1991; Keay et al., 1997), and/or just parts of PAG or thalamus 
are involved  (Kemplay and Webster, 1986; Keay et al., 1997). Only in monkey precise 
data exist on the number of C1-C3 thalamic projecting neurons: counts of labeled 
neurons, after injections in the entire thalamus and studying all spinal segments, gave 
the conclusion that 35% of all spino-thalamic cells are located in C1-C3  (Apkarian 
and Hodge, 1989a). Precise data on the C1-C3 PAG projecting neurons in monkey, 
however, do not exist. In cat no precise quantitative data exists on both the C1-C3 
PAG projections as well as the C1-C3 thalamus projections. 
Within the gray matter of C1-C3 the PAG projecting neurons are located in the lateral 
part of the ventral horn (C1-3vl), bilaterally, in lamina I, mainly contralaterally, and in 
the lateral part of lamina V, also mainly contralaterally  (Menetrey et al., 1982; Wiberg 
et al., 1987; Keay et al., 1997; Mouton and Holstege, 2000). The C1-C3 neurons that 
project to thalamus have a similar distribution pattern, except that an additional group 
of spino-thalamic neurons was found in lamina VI of C1  (Carstens and Trevino, 1978a; 
Giesler et al., 1981; Comans and Snow, 1981; Kevetter and Willis, 1983; Apkarian and 
Hodge, 1989a; Burstein et al., 1990b; Willis et al., 2001). Of all C1-C3 PAG and C1-C3 
thalamus projecting cells the C1-3vl cells seem to form a considerable part  (Carstens 
and Trevino, 1978b; Giesler et al., 1979; Comans and Snow, 1981; Kevetter and Willis, 
1983; Wiberg et al., 1987; Burstein et al., 1990b; Keay and Bandler, 1992; Keay et al., 
1997; Mouton and Holstege, 2000). However, no precise quantitative data exist on 
the numbers of cells belonging to this C1-3vl cell group projecting to PAG and C1-3vl cell 
group projecting to thalamus in any species.
To fi nally solve the questions which portion of all spino-PAG and which portion of all 
spino-thalamic cells are located in the upper cervical cord, and especially which 
portion is located in the lateral part of the ventral horn of this upper cervical cord, in 
the present study in cat we, for the fi rst time, precisely determined the numbers of C1-
C3 neurons projecting to PAG and C1-C3 neurons projecting to thalamus, as well as 
the numbers of C1-3vl-PAG and C1-3vl-thalamic neurons.

MATERIALS AND METHODS
Surgical procedures
Four female cats were used and the surgical procedures, pre- and postoperative care, 
handling and housing of the animals were in accordance with protocols approved 
by the Committee of Animal Experiments of the Faculty of Medicine of the University 
of Groningen. For surgery, the animals were initially anesthetized with intramuscular 
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ketamin (Nimatek, 0.1 ml/kg i.m.) and xylazine (Sedamun, 0.1 ml/kg i.m.), and 
subsequently ventilated with a mixture of O2, N2O (1:2) and 1-2% halothane. During 
surgery, body temperature was monitored and maintained between 36.5 and 39ºC 
using a heating pad, and basic physiological parameters were monitored through 
the use of a combined electrocardiogram (ECG), respiration, and CO2 monitor. In two 
cases (2155 and 2385) multiple injections of 2.5% wheatgerm agglutinin-conjugated 
horseradish peroxidase (WGA-HRP) were made in the PAG, and in two other cases 
(2517 and 2529) in the thalamus (table 1). Hereafter a survival time of 3-4 days (table 
1) was taken, as it has been proven that this is suffi cient for the transport of WGA-
HRP from thalamus or PAG to the lumbosacral cord  (Wiberg and Blomqvist, 1984b; 
Yezierski, 1988; Mouton and Holstege, 2000; Klop et al., 2004a). Following survival time 
the animals were initially anesthetized with (Nimatek, 0.1 ml/kg i.m.) and xylazine 
(Sedamun, 0.1 ml/kg i.m.), followed by an overdose of 6% pentobarbital sodium 
(Nembutal; i.p.). They were perfused transcardially with 1.5-2 l of heparinized 0.9% 
saline at 37º C, immediately followed by 1.5 l of 0.1M phosphate buffer, containing 4% 
sucrose, 1% paraformaldehyde and 2% glutaraldehyde.

Histological procedures
After perfusion, the brains and spinal cords were removed, post-fi xed for 2h and 
stored overnight in 25% sucrose in phosphate buffer at 4ºC. The spinal cord was cut 
into 33 separate parts, from the fi rst cervical to the second coccygeal segment (C1-

case  injection  total volume  number of  volume per coordinates survival   
  technique of injections injection (nl)  time (days)  
   WGA-HRP     
   (µl)    

PAG 
  2155  Hamilton  0.2 1 200 AP  2.0   3
  syringe,     LM  1.6 
  by hand    DV  0.5 
  2385  micropipette,  0.2 3 40-100 AP 0.7 - 2.0 3
  with     LM 1.5 - 2.0 
  picopump    DV 1.0 - 2.0 
        
thalamus 
  2517  Hamilton  14.7 45 100-500 AP 6.0 - 12.0 4
  syringe,     DV 0.5 - 6.0 
  by hand    LM 1.0 - 9.0 
  2529  Hamilton  13.8 45 100-500 AP 6.0 - 12.0 3
  syringe,     DV 0.5 - 6.0 
  by hand    LM 1.0 - 9.0

Table 1. Detailed information on the injection technique, number of injections, injected volu-
mes and survival times per case. Coordinates according to the atlasses of Berman (1986) and 
Berman and Jones (1982).  
AP, anterior-posterior; DV, dorsal-ventral; LM, lateral-medial.
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Coc2). The rostral border of the C1 segment was set just rostral to the location at 
which the most rostral C1 dorsal rootlet enters the spinal cord, and the caudal border 
set just caudal to the location at which the most caudal dorsal rootlet of this segment 
enters the cord. Subsequently, the other more caudally located segments were each 
separated by cutting just caudal to the location at which the most caudal dorsal 
rootlet of the segment enters the cord. The brainstem and each spinal segment was 
cut into 40 µm frozen transverse sections of which every fourth (cases 2385, 2517 and 
529) or every fi fth (case 2155) section was incubated according to the tetramethyl-
benzidine method, dehydrated and coverslipped. From the area containing the 
injection site an extra series was processed with diamino-benzidine (DAB).

Quantifi cation of labeled neurons
To determine the location and number of labeled neurons in the spinal cord, in each 
case all retrogradely labeled neurons in all processed sections of all spinal segments 
were plotted and counted. A neuron was considered labeled when its cells body 
as well as part of its axon or one or more of its dendrites was observed to contain 
tracer. In order to count the neurons located in laminae VI, VII and VIII of the C1-C3 
segments, in all plottings the laminae of Rexed (1954) were depicted. An extra line, 
dividing laminae VI and VII into a medial and lateral part was set at half the distance 
between the lateral border of lamina X and the lateral border of the gray matter, 
dorsoventrally at the level of the central canal (Fig. 1). It must be emphasized that 
the labeled neurons in the lateral cervical nucleus (LCN) and dorsal column nuclei 
(DCN) were not included in any of the counts. To compare the numbers of case 
2155, in which every fi fth section instead of every fourth was processed, with the other 
cases, all counts of case 2155 were multiplied by 1.25. Such a correction is allowed 
because in all cases an unbiased sample was taken and double counting of cells 
could not occur in a 1:5 series of 40 µm sections. The corrected numbers were used in 
all additional analyses. 

Figure 1. Schematic drawings of the gray matter of the three upper cervical segments, with the 
laminae of Rexed (1954) depicted. An extra line, dividing laminae VI and VII into a medial and 
lateral part was set at half the distance between the lateral border of lamina X and the lateral 
border of the gray matter, dorsoventrally at the level of the central canal.
In gray the area in which the numbers of C1-3vl cells are counted.
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As the present study did not attempt to come to a precise absolute total number 
of C1-C3 spinal neurons projecting to PAG or to thalamus, but aimed to give the 
percentages of C1-C3 and C1-3vl cells of the numbers of spino-PAG and spino-thalamus 
neurons in the entire cord, it was not necessary to use any specifi c method for cell 
countings. 
The density of C1-3vl cells within the different rostrocaudal parts of the C1-C3 spinal 
cord was calculated by counting the total number of C1-3vl cells in 12 consecutive 
processed sections, starting from the rostral part of the segment, and dividing this 
number by 12. When at the caudal end of a segment only 6 to 11 sections were left, 
the number of labeled cells counted in these sections was divided by the number of 
sections. If 5 or less sections were left at the caudal end, no density was calculated. 

RESULTS
PAG injectioned cases
The injections in the PAG injected cases (2155 and 2385) involved a large part of the 
PAG on one side (Figs. 2, 3). However, in both cases the most rostral part of the PAG 
escaped the injection, while in case 2385 the lateral part of the caudal PAG was also 
not included (Figs. 2, 3). 
In the two PAG injected cases a total of 7468 and 5268 labeled neurons was counted 
in the spinal cord throughout its rostrocaudal extent, in a 1:4 series of sections, and 
excluding labeled cells in DCN and LCN (Table 2). Of these labeled neurons 32.5% 
was found in C1-C3, mainly contralaterally (Table 2). The cervical enlargement (C5-
C8) contained 13.3% of these labeled spino-PAG neurons, averaged over both cases, 
and the lumbar enlargement (L5-S1) 14.5%. 
In both PAG injected cases many of the C1-C3 labeled cells were located in the 
lateral part of laminae VI en VII and the dorsolateral part of lamina VIII, bilaterally 
(Figs. 4, 5), with in case 2385 a small ipsilateral preponderance, and in case 2155 
about equal numbers of labeled C1-3vl cells on both sides (Table 3). Ipsilaterally, the 

2155 2517

2385 2529

Figure 2. Darkfi eld and brightfi eld photomicrographs showing sections with the WGA-HRP 
injection sites in the periaqueductal gray (left) and thalamus (right) after processing the sections 
with diamino-benzidine. Scale bar = 200 μm. 
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2529

2517

2385

2155

A15.0A12.0A9.0A6.0

A4.2P0.9 A0.6 A2.5

Figure 3. Schematic drawings of the entire rostrocaudal extent of the WGA-HRP injection sites 
in periaqueductal gray or in thalamus. The core of each injection site is shown in dark gray. The 
rostrocaudal levels of mesencephalon and thalamus are given according to Berman’s atlasses  
(Berman, 1968; Berman and Jones, 1982). P, posterior; A, anterior. 

                
            

                 total            total      contralateral               ipsilateral   

  case     C1-Coc2  C1-C3 C1 C2 C3 C1-C3 C1 C2 C3 C1-C3  case     C1-Coc2  C1-C3 C1 C2 C3 C1-C3 C1 C2 C3 C1-C3
                                
        

  PAG 

    2155  7468 2427 (32.5%) 620 414 318 1352 (18.1%) 492 361 222 1075 (14.4%)

    2385  5268 1711 (32.5%) 579 302 166 1047 (19.9%) 417 144 103 664 (12.6%)

              

  thalamus 

    2517  4817 2463 (51.1%) 646 553 364 1563 (32.4%) 325 356 219 900 (18.7%)

    2529  6082 2413 (39.7%) 683 636 268 1587 (26.1%) 354 332 140 826 (13.6%)
              

Table 2. Numbers of labeled cells in the upper cervical (C1, C2, C3) segments after large WGA-
HRP injections in PAG or thalamus, in a 1:4 series of transverse sections, compared with the total 
number  of labeled cells in the entire (C1-Coc2) spinal cord. Labeled cells in DCN and LCN were 
not included in any counts.
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C1-3vl-PAG projecting cells formed a relatively dense group, while contralaterally they 
were more scattered and extended more ventrally (Fig 5). The majority of the C1-3vl-
PAG projecting cells was found in C1, with rostrocaudally the highest density in the 
middle part of this segment (Fig. 5). The C1-3vl-PAG projecting cells represent about 
50% of all PAG projecting cells located in C1-C3, and 16% of all PAG projecting cells 
of the entire C1-Coc2 spinal cord (Tables 2, 3).
In addition to the retrogradely labeled neurons the upper cervical segments 
contained many anterogradely labeled fi bers ipsilaterally in lamina V-VIII, and some 

                                        total                total                             contralateral                                               ipsilateral  
          
  case          C1-Coc2          C  case          C1-Coc2          C1-3vl                C1vl   C2vl    C3vl        C1-3vl               C1vl   C2vl  C3vl          C1-3vl
          

PAG 
2155  7468 1254 (16.8%) 283 165 97 545 (7.3%) 339 240 130 709 (9.5%)
2385  5268 818 (15.5%) 243 134 35 412 (7.8%) 233 114 59 406 (7.7%)
              
thalamus 
2517  4817 1386 (28.8%) 179 236 233 648 (13.5%) 257 335 146 738 (15.3%)
2529  6082 1179 (19.4%) 190 217 110 517 (8.5%) 301 246 115 662 (10.9%)

          

Table 3.  The numbers of labeled cells in the lateral part of laminae VI-VII and in lamina VIII of the 
upper cervical segments C(1-3vl) after large WGA-HRP injections in PAG or thalamus, in a 1:4 series 
of transverse sections, compared with the total number of labeled cells in the entire (C1-Coc2) 
spinal cord. Labeled cells in DCN and LCN were not included in any counts

Figure 4. Darkfi eld polarized photomicrographs showing labeled neurons in the lateral part of 
the ipsilateral (left) and contralateral (right) ventral horn of the fi rst cervical segment (C1), after 
WGA-HRP injections in PAG or thalamus. Scale bar = 2000 μm. 

PAG injection

(case 2385)

thalamus injection

(case 2517)

C1 contraC1 ipsi

C1 ipsi C1 contra
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Figure 5. Schematic drawings of labeled cells in the upper cervical segments (C1-C3) after WGA-
HRP injections in PAG (case 2385) or thalamus (2517). Note that the drawings of the spinal cord 
contain labeled cells of 12 sections. The gray area indicates the area in which the number of 
labeled C1-3vl cells are counted. The histograms show the density of labeled C1-3vl cells ipsilaterally 
and contralaterally in the different rostrocaudal levels of the C1-C3 segments. 

contralaterally. These anterogradely labeled fi bers were not plotted in the present 
study.

Thalamus injected cases
Of the thalamus injected cases the injections site in case 2529 covered the complete 
thalamus, while in case 2517 the most medial thalamus escaped the injection site 
(Figs. 2, 3). In both cases many labeled neurons were found throughout the length of 
the spinal cord, located in laminae I, III-VIII and X. In addition, in case 2517, in contrast 
to case 2529, many very faintly labeled cells were found specifi cally in laminae III 
and IV. These cells were assumed to be labeled as the result of transsynaptic labeling 
via heavily labeled cells in LCN and DCN, due to a one day longer survival time. 
Therefore, labeled laminae III and IV cells in this case were not counted. 
In the thalamus injected cases a total of 4817 and 6082 labeled cells was found 
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throughout the length of the spinal cord (Table 2). Of these labeled cells 40 to 50% 
was found in C1-C3 (Table 2). Averaged over both cases, the cervical enlargement 
(C5-C8) contained 17.3% of these labeled spino-thalamic neurons, and the lumbar 
enlargement (L5-S1) 13.6%. 
The C1-C3 thalamic projection shows a contralateral predominance (Table 2), which 
was more pronounced than found in the PAG injected cases. The reason for the 
thalamus injected cases to contain more C1-C3 contralaterally projecting neurons 
than the PAG injected cases, is a large cell group in lamina VI of C1 that projects to 
the contralateral thalamus but not to PAG (Fig. 5) 
In both thalamus injected cases many labeled cells were located in the lateral part 
of laminae VI en VII and the dorsolateral part of lamina VIII of C1-C3 bilaterally (Figs. 
4, 5), with a small ipsilateral preponderance (Table 3). Alike in the PAG injected cases, 
the labeled C1-3vl cells on the ipsilateral side formed a relatively dense group, while 
contralaterally they were more scattered and extended more ventrally (Fig. 5). In 
the thalamus injected case 2517 the total number of the C1-3vl cells was higher than in 
both PAG injected cases (Fig. 5, Table 3). Similar to the C1-3vl-PAG projecting cells, the 
majority of the C1-3vl-thalamus projecting cells was found in C1, with rostrocaudally the 
highest density in the middle part of this segment (Fig. 5). The C1-3vl-thalamic projecting 
cells comprise about 50% of all C1-C3 thalamic projecting cells, and about 20% to 30% 
of all C1-Coc2 spino-thalamic cells (Table 3).

DISCUSSION
Technical considerations
In the present study large tracer injections with WGA-HRP in PAG of two cats resulted 
in a total of 7468 (case 2155) and 5269 (case 2385) labeled cells throughout the 
length of the spinal cord, in a 1 out of 4 series of sections. The smaller total number 
of cells counted in case 2385 than in case 2155 can be explained by the fact that 
in case 2385 a smaller part of the PAG was involved in the injections site; in case 
2385 the lateral part of the caudal PAG escaped the injection site, which lead to a 
diminished number of spino-PAG neurons in all laminae throughout the length of the 
cord  (Mouton and Holstege, 2000). After large WGA-HRP injections in the thalamus 
of the cat 4817 and 6082 labeled neurons were found throughout the length of the 
spinal cord, in a 1 out of 4 series of sections. This difference is due to the fact that in 
case 2517 part of the medial thalamus was not involved in the injection site. Craig et 
al.  (1989a) showed that the spinal enlargements contain more cells projecting to the 
lateral than to the medial thalamus. Therefore, missing a part of the medial thalamus 
will lead to a diminished total number of labeled spino-thalamic neurons. 
 In the PAG injected cases the retrogradely labeled neurons in the upper cervical 
segments were partly intermingled with anterogradely labeled fi bers, especially 
ipsilaterally. These fi bers are part of one of the descending pathways from PAG 
to spinal cord  (Mouton and Holstege, 1994). It was never a problem to distinguish 
between labeled cells and labeled fi bers.



130

Chapter 9

Comparisons with earlier studies
The present results in cat for the fi rst time demonstrate about 30% of all spino-PAG 
neurons and 40-50% of all spino-thalamic neurons are located in C1-C3. In a precise 
retrograde tracing study in monkey (Apkarian and Hodge, 1989a) it was found that 
35% of all spino-thalamic cells was located in the C1-C3 segments. This is lower than the 
result presently found in cat. As no technical differences seem to be present between 
our study and that in monkey the discrepancy might be a species difference. 
The present study in cat showed that 50% of all upper cervical neurons projecting to 
PAG and upper cervical neurons projecting to thalamus is located in the lateral parts 
of the ventral horn, bilaterally, with a slight ipsilateral preponderance. The ipsilaterally 
projecting cells formed a cluster in the lateral ventral horn and the contralaterally 
projecting cells were more widely distributed. Concerning the C1-3vl -thalamic 
projections, Granum (1986) has reported a similar distribution pattern in rat, i.e. the 
contralaterally projecting C1-3vl -thalamic neurons located deeper in the ventral horn 
than the ipsilateral ones, even deeper than found in the present study.
Our results show that rostrocaudally the highest number of C1-3vl -thalamic cells is in C1. 
This is in accordance with earlier results in cat of Comans and Snow (1981), but not of 
those of Carstens and Trevino (1978a), also in cat, who found the highest number of 
C1-3vl -thalamic cells in C2.

Comparison with the numbers of lamina I-PAG and lamina I-thalamic neurons
In earlier work of our lab (Mouton et al., 2001; Klop et al., 2004b), using the same 
materials and methods, the total numbers of lamina I neurons were counted 
throughout the length of the spinal cord, after large injections in PAG and thalamus. 
Comparing these numbers with the present results leads to the striking conclusion that 
the number of C1-C3 neurons projecting to PAG or thalamus, excluding cells in the 
lateral cervical nucleus and DCN, is respectively 1.5 and 3.5 times higher than the 
total number of lamina I neurons projecting to PAG or thalamus. For the C1-3vl neurons 
such comparisons are 0.7 and 2.0 respectively. Considering this, it is surprising that until 
now so little attentions was given to the upper cervical projection systems.

Functional considerations
Considering the many cells in the lateral ventral horn projecting to PAG or thalamus 
the intriguing question is what information is relayed by these C1-3vl cells. Although 
some studies paid attention to the upper cervical cord cells projecting to PAG or 
to thalamus, no defi nite function of these cells was revealed. According to the 
physiological study of Carstens and Trevino in cat (1978a) about 40% of the cells in 
the lateral ventral horn of C2 projecting to the ipsilateral thalamus is not responsive 
to any type of natural stimuli given, i.e. not to light brushing, touch, light tap, pressure, 
pinch, pin-prick, cooling, noxious heat, join movements, sound, or visual stimuli. 
About 35% of the recorded cells in this region had large complex receptive fi elds 
and were responsive to several different stimuli, while the other cells had smaller 
receptive fi elds. In another physiological study in cat on the functional properties of 
C1-C3 mesencephalic cells, Yezierski and Broton (1991) found that none of the cells 
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in the lateral ventral horn responded to cutaneous mechanical, cutaneous thermal, 
joint, or deep muscle stimuli applied to face, neck, forelimbs, hind limbs, body or tail. 
These cells were also non-responsive to genital stimulation (Yezierski and Broton, 1991). 
Accordingly, in another study in rat involving the upper cervical segments (Keay et 
al., 2001), almost no Fos-like immunoreactive cells were found in the lateral ventral 
horn after deep or cutaneous noxious stimuli in the neck region.
So it seems that the C1-3vl cells, or at least part of them, do not to respond on stimuli 
applied to the neck-region, but have wide receptive fi elds. It might perhaps be that 
these cells, similar to DCN and LCN relay information from all levels of the cord to PAG 
and thalamus.
A second question that can be raised is whether the C1-3vl-PAG and C1-3vl-thalamic 
systems are mutually related. The striking similarity between the numbers and location 
of C1-3vl-PAG and C1-3vl-thalamic cells suggests that the same cells might project to 
both PAG and thalamus. However, Liu (1986) in rat and Zhang et al. (1990) in monkey 
report no double labeled cells in the lateral ventral horn after tracer injections in 
thalamus and in mesencephalon. It should be noted though, that in these studies the 
injections sites did not involve the entire PAG and thalamus. Kevetter and Willis (1983) 
found in rat C1-3vl cells double labeled after injecting medial and lateral thalamus, 
indicating that these cells have multiple targets within the thalamus, but whether the 
same cells also project to PAG is not known. 

CONCLUSION
In cat the C1-C3 segments together measure about 25 mm, while the average 
total length of the complete cervical to coccygeal spinal cord is 290 mm. Thus, the 
C1-C3 segments represent about 8.6% of the total length of the spinal cord. The 
present retrograde tracing study in cat, involving all spinal segments, for the fi rst time 
demonstrates that within this 8.6% of the length of the spinal cord about 30% of all 
spino-PAG neurons and 40-50% of all spino-thalamic neurons are located. These are 
strikingly high percentages when comparing them with the 13% and 14% of all spino-
PAG neurons or 17% and 13% of all spino-thalamic neurons located in the cervical or 
lumbar enlargements, respectively. It is also a high percentage realizing that the well-
known lamina I projections to PAG or to thalamus comprise only 30% of all spino-PAG 
or 15% of all spinothalamic neurons.
Of the C1-C3 neurons projecting to PAG or thalamus about half are located grouped 
laterally in the ventral horn, i.e. laterally in laminae VI and VIII and dorsolaterally in 
lamina VIII. It might be that these cells relay information from all levels of the cord 
to PAG and/or thalamus, but it can also not be ruled out that they process specifi c 
information from the upper neck region.



132



133

Chapter 10

Neurons in the lateral sacral cord of the cat project to 
periaqueductal gray, but not to thalamus

Esther-Marije Klop, Leonora J. Mouton, Rutger Kuipers and Gert Holstege

Eur. J. Neurosci.; 21(8): 2159-2166 (2005)

ABSTRACT 
Previous work of our laboratory has shown that neurons in the lateral sacral cord in cat project 
heavily to the periaqueductal gray (PAG), in all likelihood conveying information from bladder 
and genital organs. In humans this information usually does not reach consciousness, which 
raises the question of whether the lateral sacral cell group projects to the thalamus.
After wheatgerm agglutinin-horseradish peroxidase (WGA-HRP) injections into the sacral cord, 
anterogradely labeled fi bers were found in the thalamus, specifi cally in the ventral anterior 
and ventral lateral nuclei, the medial and intralaminar nuclei, the lateral ventrobasal complex/
ventroposterior lateral nucleus, and the nucleus centre médian, lateral to the fasciculus 
retrofl exus. Much denser projections were found to the central parts of the PAG, mainly to its 
dorso- and ventrolateral parts at caudal levels and lateral parts at intermediate levels. 
In a subsequent retrograde tracing study, injections were made in those parts of the thalamus 
that received sacral fi bers, as found in the anterograde study. Labeled neurons were observed 
in the sacral cord, but not in the lateral sacral cell group. In contrast, a small control injection 
in the caudal PAG resulted in many labeled neurons in the lateral sacral cord. These results 
suggest that afferent information regarding micturition and sexual behavior is relayed to the 
PAG, rather than to the thalamus.

INTRODUCTION
The lateral sacral cord gray matter in cats contains a specifi c group of neurons that 
projects to the periaqueductal gray (PAG; VanderHorst et al., 1996; Mouton and 
Holstege, 2000). Cells in this group are relatively small, predominantly fusiform or oval 
shaped, and located on the dorsolateral and lateral border of the dorsal horn of S1-
S2, in the lateral lamina V in the caudal S1 and further caudally in the medial lamina 
VI and lamina X in S2-S3. According to Mouton and Holstege (2000) this cell group 
contains approximately 10% of all spino-PAG neurons. 
Functionally, this group has been associated with the transmission of information from 
visceral structures to the PAG, because the location of these cells corresponds with 
the termination area of the primary afferents of genitals and bladder (Morgan et al., 
1981; Nadelhaft et al., 1983; Ueyama et al., 1984; Thor et al., 1989). The PAG needs this 
information, because it plays a crucial role in the control of micturition and mating 
behavior (Sakuma and Pfaff, 1979; Blok and Holstege, 1994; Blok and Holstege, 1996; 
VanderHorst and Holstege, 1996; VanderHorst et al., 2000a). For example, with respect 
to micturition, the PAG is the main receiver of the afferent viscerosensory information 
from the bladder, because strong sacral projections reach the PAG, but not, at least 
in cat, the pontine micturition center (Blok et al., 1995). 
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It is not known whether the cells in the lateral sacral cord that project so strongly 
to the PAG also project to the thalamus, the best known brain structure to receive 
spinal sensory input. We are not aware of any anterograde tracing studies of sacral 
projections to the thalamus in any species and only one retrograde tracing study 
in cat (Katter et al., 1991) shows plottings of the fi rst two sacral segments after an 
injection in the thalamus in one case. In this study, no cells in the lateral sacral cord 
were reported, but the injection in this one case did not cover the entire thalamus. 
To investigate whether or not the lateral sacral cell group sends projections to the 
thalamus, WGA-HRP injections were made in the sacral cord and the terminal labeling 
in the thalamus was studied. Subsequently, retrograde labeling in the sacral cord was 
investigated in cases with WGA-HRP injections in those parts of the thalamus in which 
terminal labeling was observed in the anterograde tracing study. For comparison, 
projections from sacral cord to PAG were also studied antero- and retrogradely. 
Data from cases 2479, 2517 and 2529 used in the present study have been presented 
in earlier studies addressing other issues (Klop et al., 2002; Mouton et al., 2004; Klop et 
al., 2004a; Klop et al., 2004b)

MATERIALS AND METHODS
Surgical procedures
A total of 9 female cats was used. The surgical procedures, pre- and postoperative 
care, as well as the handling and housing of the animals followed protocols approved 
by the Faculty of Medicine of the University of Groningen. All animals were initially 
anesthetized with intramuscular ketamine (Nimatek, 0.1 ml/kg) and xylazine (Sedamun, 
0.1 ml/kg), and subsequently ventilated with a mixture of O2, N2O (1:2) and 1-2% 
halothane or isofl urane, while ECG, CO2 and body temperature were monitored. 

Anterograde tracing study
After laminectomy of the overlying vertebrae, in two female cats injections were 
made in the sacral spinal segments under visual guidance. In one case (2567) a large 
injection of approximately 300 nl of 2.5% WGA-HRP in saline (Table 1) was made in 
the S2-S3 segments. This animal was in natural estrous at the time of the injection and 
perfusion. In one other animal (case 2596) a smaller, unilateral, injection was made of 
approximately 150 nl of WGA-HRP (Table 1) in the lateral sacral cord. Injections were 
made with the use of a glass micropipette connected to a pneumatic picopump 
(World Precision Instruments, PV830). 
The survival time was approximately three days. For perfusion, the animals were initially 
anesthetized with intramuscular ketamine (Nimatek, 0.1ml/kg) and xylazine (Sedamun, 
0.1ml/kg), followed by an overdose (6-10ml) of intraperitoneal 6% pentobarbital 
sodium. Subsequently, they were perfused transcardially with 1.5-2 liters of 0.9% saline, 
immediately followed by 1.5-2 liters of 0.1M phosphate buffer (pH 7.4), containing 
4% sucrose, 1% paraformaldehyde and 2% glutaraldehyde. After perfusion, brains 
and spinal cords were removed, post-fi xed for two hours and stored overnight in 25% 
sucrose in phosphate buffer at 4°C.
In order to defi ne the extent of the injection sites, transverse 40µm frozen sections of 
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the L7-Coc2 spinal cord segments were incubated with diaminobenzidine (DAB) in a 
1:4 series of sections, and studied with brightfi eld illumination. 
The brains and brainstems were cut into transverse serial 40µm frozen sections and 
a 1:4 series of sections was stained using the tetramethyl benzidine (TMB) method. 
Anterogradely labeled fi bers were studied using a microscope with darkfi eld polarized 
illumination. Labeling in the thalamus was plotted with the aid of the Neurolucida 
system from MicroBrightField, Inc. (Colchester, VT), and in the PAG with the use of a 
drawing tube. In the latter case, drawings were digitized and processed using Abobe 
Streamline software.

Retrograde tracing study
In six cats, injections of 2.5% WGA-HRP were made in the thalamus under stereotaxic 
guidance using the atlas of Berman and Jones (1982). Table 1 shows the range of 
the coordinates at which injections were aimed. Large injections of WGA-HRP were 
made in two cats (cases 2517 and 2529) and smaller injections in four other cases 
(2577, 2590, 2595, 2614). Injections were made using a glass micropipette connected 

  total  number     
  volume of   of  volume per     
case WGA-HRP injections injection (nl)                  coordinates**   

spinal cord       
 2567 0.3 6  à vu    
 2596 0.15 3  à vu   
thalamus       
 2517 14.7 45* 100-500 AP 6.0  -  12.0
     DV 0.5  -  6.0
     LM 1.0  -  9.0
 2529 13.8 45* 100-500 AP 6.0  -  12.0
     DV 0.5  -  6.0
     LM 1.0  -  9.0
 2577 0.05 1 - AP 6.4  
     DV 0.8  
     LM 0.8  
 2590 0.05 1  - AP 6.2  
     DV 0.8  
     LM 0.8   
 2595 0.2 2 100 AP 7.5  
     DV 0.0  - 1.0
     LM 2.0   
 2614 0.7 4 150-200 AP 9.8  - 11.2
     DV 3.0  
     LM 0.0   
PAG       
 2479 0.04 1  - AP 0.0  
     DV 1.5  
     LM 1.3  

Table 1. Injected volumes, number and locations of injections and survival times (in hours) per 
case. Total volume is given in μl, while the volume per injection is given in nl. 
* Injections were made with Hamilton syringe
** Coordinates at which injections were aimed according to the atlas Berman and Jones (1982) 
for the thalamus injections and to the atlas of Berman (1968) for the PAG injection. 
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to a pneumatic picopump, except in two cases with large injections (2517 and 2529), 
in which a Hamilton syringe was used. Multiple penetrations were made in all cases, 
except in 2577 and 2590. Injected volumes were between 0.05μl and 14.7μl (Table 
1). In order to reach the thalamus, the pipette or syringe went through the overlying 
cortical layers. 
For comparison, in one case (2479) an injection of approximately 40nl WGA-HRP 
was made in the PAG. The injection was made stereotaxically (Berman, 1968) into 
the lateral part of the caudal PAG, after a posterior approach, guiding the pipette 
through the cerebellum in order to avoid the osseous cerebellar tentorium. 
All animals survived for three days, except for one case (2517), which survived for four 
days. This four days survival time was used to ensure that the tracer had reached the 
sacral cord. Perfusion procedures were similar to those in the anterograde tracing 
experiments. To defi ne the injection sites, a 1:4 series of sections of the thalamus and 
midbrain were incubated with diaminobenzidine (DAB), and studied with brightfi eld 
illumination. 
The spinal cords were cut into segments, by placing the cut just caudal to the most 
caudal dorsal rootlet entering each segment. Spinal segments were cut into serial 
transverse 40µm frozen sections and every fourth section was incubated according 
to the tetramethyl benzidine (TMB) method. In each case the retrogradely labeled 
neurons in all processed sections of the segments L4-Coc2 were plotted, using darkfi eld 
polarized illumination. In order to describe the laminar location of the labeled spinal 
neurons, in all drawings the laminae of Rexed (1954) were depicted. A line dividing 
laminae VI and VII into a medial and lateral part was drawn, based on results from 
preceding studies (Mouton and Holstege, 2000).

RESULTS
Anterograde tracing study
Injection sites
The largest injection site (case 2567; fi g. 1) covered the gray matter in S2 and rostral S3 
on the left side, with signifi cant spread to the right side, and extending into the dorsal 
gray matter in caudal S3 and rostral Coc1. In case 2596 (Fig. 2) the injection site was 
much smaller, but covered a major portion of the lateral sacral cell group, without 
extending into the medial parts of the sacral cord. It involved the dorsal horn on the 
left side of segments S1 and S2, with only limited spread to the right side in caudal 
S2, not involving the lateral cell group. In caudal S1, the injection extended into the 
intermediate gray and dorsal parts of the ventral horn. 

Anterogradely labeled fi bers 
Projections to diencephalon
Figures 1 and 2 show the patterns of anterogradely labeled fi bers in thalamus and 
PAG after sacral cord injections. In case 2567, with the largest injection site, in the 
rostral thalamus sparse labeling was found in the midline nuclei (rhomboid nucleus 
and centromedial nucleus; CMN) and in the ventral anterior (VA) and ventrolateral 
(VL) nuclei (Fig. 1A-C). More caudally, labeled fi bers were seen in the most lateral 
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Figure 1. Schematic drawings of the anterogradely labeled fi bers and retrogradely labeled cells 
in thalamus and periaqueductal gray in case 2567. One drawing represents one 40μm section 
and one dot represents one labeled neuron. The PAG only contained two labeled neurons (b-c). 
Scale bars represent 2mm. The injection site in the S2-Coc1 segments is depicted in the upper 
right corner. The core of the injection site is in dark gray and the halo is in light gray. 

parts of the ventral basal complex (VBX)/ventroposterior lateral nucleus (VPL) and the 
lateral region of the posterior complex (POL; Fig. 1D-G). At these levels, many labeled 
fi bers were found in the intralaminar (central lateral nucleus; CLN) and, although to 
a more limited extent, in the midline nuclei (CMN). In the most caudal thalamus (Fig. 
1H), dense projections were found in the area surrounding the fasciculus retrofl exus, 
but mainly laterally to it, in the nucleus centre médian. Ventral to the thalamus labeled 
fi bers were observed in the paraventricular, lateral, and posterior hypothalamic nuclei 
and in the fi elds of Forel; Fig. 1D-F), and sparse labeling in the zona incerta, substantia 
nigra and subthalamic nucleus (Fig. 1E-H). The labeled fi bers in the internal capsule 
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and pedunculus cerebri, in all likelihood, represent retrogradely labeled axons of the 
many retrogradely labeled cortical neurons projecting to the sacral spinal cord. These 
neurons were found bilaterally in sensory and motor cortical areas 3a and 4.
In case 2596 (Fig 2), with a much smaller injection site, labeling was considerably 
sparser than in case 2567, but the distribution pattern of the anterogradely labeled 
fi bers and retrogradely labeled neurons was very similar. Remarkably, in case 2596 a 
denser anterograde projection to VL was found than in case 2567. 

Figure 2. Schematic drawings of the anterogradely labeled fi bers and retrogradely labeled cells 
in thalamus and periaqueductal gray in case 2596. One drawing represents one 40μm section 
and one dot represents one labeled neuron. No labeled neurons were found in the PAG. Scale 
bars represent 2mm. The injection site in the S1-S2 segments is depicted in the upper right corner. 
The core of the injection site is in dark gray and the halo is in light gray. 
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Projections to the mesencephalon
In both cases, much denser projections were found to PAG than to thalamus (Figs. 1 
and 2). Even in case 2596, with a relatively small injection in the lateral sacral cord, 
strong labeling was found in PAG, in the ventrolateral and dorsolateral parts of the 
most caudal PAG (Figs. 1f and 2f) and in the central part of the lateral column at 
caudal-intermediate levels (Figs. 1c-e and 2c-e). In case 2567, with a bilateral injection 
site the distribution was bilateral, but in case 2596 mainly contralateral. Some labeled 
fi bers were also found outside the PAG in the ventrally and ventrolaterally adjoining 
tegmental fi eld and at more rostral levels also in the laterally and dorsally adjacent 
tectal layers. 

Retrograde tracing study
Injection sites
In six cases injections were made in those parts of the thalamus that in the anterograde 
tracing study contained fi bers labeled from the sacral cord (fi gs. 1 and 2). The largest 
thalamic injection site (case 2529, fi g. 3) extended from the level of the anterior 
commissure to the level of the rostral midbrain. In this case the left half of the thalamus 
was almost completely covered, including most parts of the medial thalamic nuclei. 

Figure 3. Schematic drawings showing the rostrocaudal extent of the WGA-HRP injection sites in 
PAG or thalamus. The core of the injection sites in indicated in dark gray, the halo in light gray 
and the needle tracks in black. Rostrocaudal levels in thalamus are given according to Berman 
and Jones’ atlas (1982). 
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The injection site did not extend across the midline. Outside the thalamus, the 
injection site extended into the internal capsule and the overlying cortical areas, the 
lateral hypothalamus and the lateral tegmental fi eld at the level of the midbrain. The 
injection site in case 2517 involved VA and VL, the lateral VBX/VPL and intralaminar 
nuclei, but not the most medial thalamus. Also in this case the injection extended into 
the internal capsule and overlying cortex. The injection sites in cases 2577, 2590, 2595 
and 2614 were much smaller. In cases 2577 and 2590 they involved the area medial 
to the fasciculus retrofl exus, at different dorsoventral locations, and in case 2395 the 
area lateral to the fasciculus retrofl exus (nucleus centre médian). In case 2614 the 
rostral part of the medial thalamus was injected.
In one control case (2479), the injection site involved the central dorsolateral and 
lateral parts of the PAG at intermediate and caudal levels.

Retrogradely labeled cells
Figure 4 shows plottings of the sacral cord after injections in thalamus and PAG, 
with each drawing representing 12 consecutive sections in a 1:4 series. Because the 
division of the lumbosacral cord into segments varies considerably between cases 
(VanderHorst et al., 1996), for better comparison, rostrocaudal levels in the different 
cases were matched at one reference level, indicated by a vertical line in fi gure 4. 
This level was defi ned as the most rostral level at which the ventrolateral border of the 
gray matter appears to be diagonally oriented. This reference level was in rostral S1 in 
some cases and in caudal S1 in others (Fig 4).
In none of the six thalamus injected cases was a distinct group of retrogradely 
labeled neurons found in the lateral part of the sacral cord (Fig. 4), and only very few 
retrogradely labeled neurons were present in laminae I and V. On the other hand, a 
considerable number of labeled neurons was found in the medial part of laminae VI 
and VII, the lateral part of laminae VI and VII, and in the dorsal part of lamina VIII. Only 
in case 2529, with involvement of the hypothalamus and rostral mesencephalon in 
the injection site, were some labeled neurons found in the lateral sacral cell group.
The one day longer survival time in case 2517 did not result in more retrogradely labeled 
cells in laminae I, V, VI-VIII and X in the lumbosacral cord compared to case 2529, with 
a large injection and three days survival time, but, on the other hand, resulted in many 
weakly labeled cells in laminae III and IV on the contralateral side. This weak labeling 
was probably the result of transsynaptic transport via the heavily labeled neurons 
in the lateral cervical and dorsal column nuclei. Cells in these nuclei are known to 
receive strong projections from, almost exclusively, cells in laminae III and IV (Rustioni 
and Kaufman, 1977; Craig, 1978). These weakly labeled profi les in laminae III and IV 
are represented by gray dots in fi gure 4.
In the case with the small PAG injection (case 2479), a total of 46 retrogradely labeled 
cells were found on the ipsilateral and 178 on the contralateral side in segments S1-S3 
in a 1:4 series sections in the area of the lateral sacral cell group (Table 2), depicted 
by the gray overlay in fi gure 4. These cells had the distinctive dendritic orientation as 
has been described before (VanderHorst et al., 1996; Mouton and Holstege, 2000). 
Only 13 ipsilateral and 64 contralateral labeled cells were found outside this area in 
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Figure 4. Reference series showing the laminae of Rexed (1954) and plottings of retrogradely 
labeled neurons in the sacral cord after injections into either thalamus or PAG, and series with 
gray overlay depicting the location of the lateral sacral cell group. Each drawing represents the 
gray matter of 12 consecutive sections from a 1:4 series of sections. One dot represents one cell. 
Weakly labeled cells in laminae III/IV in case 2517, that were assumed to be transsynaptically 
labeled (see text) are indicated in gray. The vertical gray line indicates the reference level. 
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S1-S3. In the thalamus injected cases only very few labeled neurons were found in 
the lateral sacral cord on the location of the overlay (Table 2). Only in case 2529 with 
the largest injections site, 13 and 20 labeled cells were found ipsi- and contralaterally, 
respectively, but in this case the injection extended into the hypothalamus.

DISCUSSION 
The present study demonstrates that fi bers originating from neurons in the lateral sacral 
cord cell group do not reach the thalamus. Although anterograde tracing results 
shows labeled fi bers in distinct thalamic areas after injections in sacral segments, the 
retrograde tracing study showed that they do not originate from the lateral part of 
the sacral cord. In fact, the thalamus projecting cells in the sacral cord are located 
mainly in the medial parts of laminae VI/VII, but cells were also found in the lateral 
parts of these laminae and in lamina VIII. 
The present study also confi rms the strong projection from the lateral sacral cord to 
the central part of the ventrolateral and lateral caudal PAG (VanderHorst et al., 1996; 
Blok et al., 1995; Mouton and Holstege, 2000). Even though the injection was very small, 
in case 2479 many labeled neurons were found in the lateral band along the sacral 
dorsal horn. Only few of the large multipolar neurons in medial laminae VI-VII that 
have been described to also project to the PAG (VanderHorst et al., 1996; Mouton 
and Holstege, 2000) were found to contain labeling. These fi ndings corresponds with 
the observation that this latter group of neurons projects to mainly the lateral part of 
the lateral PAG and not, as the lateral sacral cell group, to its central part (VanderHorst 
et al., 1996; Mouton and Holstege, 2000). 
The lateral sacral cell group has been associated with the relay of information from 
bladder and genital organs, because it is located at the same location as where pelvic 
and pudendal afferents terminate in the spinal cord, and where many dendrites of 
sacral parasympathetic motoneurons are located (Morgan et al., 1979; Morgan et 
al., 1981; Nadelhaft et al., 1983; Ueyama et al., 1984; Thor et al., 1989). The lateral 
sacral cell group projects to the PAG, but also to other structures important in visceral 

                    
case                               total                                                overlay    
   
  ipsi contra ipsi contra   
   
thalamus      
   2517  32 110 1 3  
   2529  57 169 13 20  
   2577  16 49 1 7  
   2590  11 42 1 1  
   2595  14 92 3 8  
   2614  23 20 4 3  
PAG       
   2479  59 242 46 178 

Table 2. Number of labeled neurons in S1-S3 segments in a 1:4 series of sections. Total numbers 
are given and the numbers that were counted on the location of the overlay as depicted in 
fi gure 4. 
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relay, such as hypothalamus (Katter et al., 1991) and parabrachial nuclei (Panneton 
and Burton, 1985). Furthermore, Grill et al. (1998), in a study using c-Fos as a marker 
for neuronal activity, found Fos labeled neurons in this lateral sacral region after 
continuous isometric micturition induced by either bladder fi lling, electrical stimulation 
of Barrington’s nucleus or electrical stimulation of the pelvic and pudendal nerve in 
anesthetized cats.
The present fi nding that these cells in the lateral sacral cord do not project to the 
thalamus, raises the question of whether, and if so, how, sensory information from 
bladder and/or genital organs reaches conscious perception. Neurons responsive 
to bladder distension to a noxious degree, have been found in the VPL in monkey 
and in peripheral VPL and adjacent posterior complex in cat (Chandler et al., 1992; 
Bruggemann et al., 1993; Bruggemann et al., 1994) and some of these thalamic 
cells were shown to project to the primary somatosensory cortex (Chandler et al., 
1992). In one of these studies (Bruggemann et al., 1994) the great majority of the 
neurons responsive to bladder distension were nociceptive specifi c, and only 6% were 
identifi ed as wide dynamic range. On the other hand, presumably non-nociceptive 
visceral stimulation, such as mild distension of uterine horns and colon, gentle pressure 
to the cervix and probing the vaginal canal in rat resulted in responses in the VPL with 
extremely long latencies with an average of 9 seconds. In contrast, thalamic responses 
to somatic stimuli, such as gentle brushing or touching of the body, rotation of joints 
and limb and tail pinching, were immediate. Brief afterdischarges were seen to pinch 
stimuli, while responses to visceral stimuli showed long afterdischarges averaging two 
minutes (Berkley et al., 1993). Although it is theoretically possible that very few cells in 
the caudal spinal cord send non-nociceptive visceral information from the pelvis to 
the VPL directly, it seems more likely, in view of the long latencies, that non-nociceptive 
visceral information reaches VPL via other relays, possibly through indirect or direct 
pathways from PAG and/or PBN (Barbaresi et al., 1982; Cechetto and Saper, 1987; 
Carstens et al., 1990; Li and Mizuno, 1997; Pritchard et al., 2000). These observations 
show that the processing of somatic information in the thalamus differs greatly from 
the processing of non-nociceptive visceral information, with latencies that seem too 
long for a role in somatosensation. These fi ndings in animals are also in agreement with 
the PET-scan observation in humans that non-painful bladder fi lling causes activation 
in the PAG, but not in thalamus or primary sensory cortex (Athwal et al., 2001).
These studies seem to corroborate the idea that a direct spino-thalamo-cortical circuit 
does not exist for pelvic visceral non-nociceptive afferents. Results from the present 
and earlier studies, therefore, fi t the concept that much of non-nociceptive pelvic 
visceral afferent information remains at subconscious levels.
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LIST OF ABBREVIATIONS

AV  anteroventral nucleus
CA  caudate nucleus
CLN  central lateral nucleus
CM  centre médian nucleus
CMN  central medial nucleus
F  fornix
FF  fi elds of Forel
HLA  lateral hypothalamic area
HPA  posterior hypothalamic area
IC  internal capsule
LGN  lateral geniculate nucleus
MM  medial mamillary nucleus
MT  mamillothalamic tract 
OC  optic chiasm
OT  optic tract
POL  posterior complex, lateral region
PP  pes pedunculi
PUL  pulvinar
PVN  paraventricular nucleus of the hypothalamus
RF  fasciculus retrofl exus
RH  rhomboid nucleus
SC  superior colliculus
SN  substatia nigra
VA  ventroanterior nucleus
VL  ventrolateral complex
VMB  basal ventromedial nucleus
VBX  ventrobasal complex, external nucleus
ZI  zona incerta
III  nucleus oculomotorius
IV  nucleus trochlearis
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GENERAL DISCUSSION

In the present thesis new fi ndings on the afferent pathways of the PAG, key structure 
in the emotional motor system, have been described. It was found that a specifi c 
part of the tegmental fi eld, the NRA, has specifi c projections to the PAG. Furthermore, 
two brainstem areas, the nucleus prepositus hypoglossi and the periparabigeminal 
area, both involved in oculomotor regulation, have been demonstrated to project to 
the dorsolateral PAG. These results were noteworthy, since projections from pons and 
medulla were believed not to reach the dorsolateral PAG. Furthermore, these fi ndings 
place the dorsolateral PAG in the oculomotor system, which might have important 
implications for how we view the function of the dorsolateral PAG.
In addition to projections from the brainstem to the PAG, projections from the spinal 
cord to the thalamus were studied. Remarkably, no comprehensive study on the cells 
contributing to the spinothalamic tract existed in cat. Such a study was needed to 
allow for careful comparison of the spinal input to the PAG with the spinal input to 
the thalamus, the best known receiver of spinal afferents. To provide a detailed map 
of the spinothalamic tract, thalamus projecting cells in every lamina in every spinal 
segment were plotted and counted. It was found that the majority of spinothalamic 
neurons is not located in lamina I. Also, for the fi rst time the existence of at least fi ve 
clusters of spinothalamic cells was demonstrated. The fact that differences were 
found in the location of spinal neurons that project to thalamus and PAG provides 
new evidence for the idea of an ‘emotional sensori-motor system’ that receives 
specifi c sensory input. 
The main conclusions and implications of the studies performed for the present thesis 
are being discussed in further detail below.

BRAINSTEM AFFERENTS TO THE PAG
Afferents from the nucleus retroambiguus to the PAG
In chapter 2 projections from the NRA to the PAG were described. A remarkable 
fi nding was that the termination pattern in the PAG from fi bers originating in the NRA is 
very specifi c. Projections from the NRA reach only the most central regions in the lateral 
PAG at caudal-intermediate levels. This is signifi cant, since our and other studies have 
shown that after injections in other parts of the lateral tegmental fi eld, a very general 
projection pattern can be found in the PAG, involving the lateral, dorsomedial and, 
to a lesser extent, the ventrolateral columns. 
Projections in the other direction, from PAG to NRA, had been described by Holstege 
(1989), who hypothesized that the PAG-NRA-motoneuron pathway is the fi nal common 
pathway for vocalization. Later it was found that the NRA also projects to motoneurons 
in the lumbosacral spinal cord (VanderHorst and Holstege, 1995; VanderHorst et al., 
2000b), probably for the coordination of lordosis posture for mating. 
The projections from the NRA to the PAG terminate in the same region as projections 
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from the sacral cord (Blok et al., 1995; VanderHorst et al., 1996), which points to a role 
for the NRA-PAG projection in the feedback on mating behavior. 

Projections from prepositus hypoglossi nucleus and the periparabigeminal area to the 
dorsolateral PAG suggest a role for this column in the oculomotor system
In chapter 3 of this thesis it was shown that from pons and medulla the nucleus 
prepositus hypoglossi (PPH) projects specifi cally to the dorsolateral column of the PAG. 
This is a remarkable fi nd, since projections from the lower brainstem were assumed not 
to target the dorsolateral PAG. 
The PPH is involved in oculomotor control, which led to the hypothesis that the 
dorsolateral PAG also plays a role in this system. In search for other brainstem regions 
involved in oculomotor control that project to the dorsolateral PAG, it was found that 
the periparabigeminal area (PPBGA) in the midbrain projects to this area (chapter 4). 
From the literature it is known that other oculomotor related areas, such as the frontal 
eye fi elds (Stanton et al., 1988; Leichnetz and Gonzalo-Ruiz, 1996), and substantia 
nigra pars reticulata (Harting and Van Lieshout, 1991) also project to the dorsolateral 
PAG. Furthermore, cells in the dorsolateral PAG in monkey have been shown to stop 
fi ring just before the onset of, and during, saccades (Kase et al., 1986). However, these 
indications that the dorsolateral PAG receives information about eye movements had 
not received much attention before. 
Additionally, the studies on PPH and PPBGA projections to the dorsolateral PAG 
revealed that the dorsolateral PAG consists of at least two subdivisions. In our studies it 
was found that different parts of the PPH project to different parts of the dorsolateral 
column (fi g. 1). The caudal PPH and PPBGA were found to project to only a small 
patch on the dorsolateral edge of the PAG. The supragenual PPH and the tegmental 
fi eld medial from PPBGA project to the dorsolateral column, but not to the small patch 
on the dorsolateral edge. Again, although evidence for these two divisions can be 
found in the literature, no attention had been given to this fact before. 

caudal nucleus prepositus hypoglossi

periparabigeminal area

supragenual nucleus prepositus hypoglossi

mesencephalic tegmental field
medial from periparabigeminal area

Figure 1. Schematic representation of the projections from different parts of nucleus prepositus 
hypoglossi and mesencephalic tegmental fi eld to different parts of the dorsolateral periaque-
ductal gray. 
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SPINAL AFFERENTS TO THE THALAMUS
Total number of spinothalamic neurons
In chapter 5 it was described that after large thalamic injections using WGA-HRP 
4584 to 6082 neurons in the entire spinal cord were labeled in a 1:4 series of sections. 
Taking into account the spread to non-thalamic areas in some cases and applying 
the correction factor of Abercrombie (1946), it was estimated that 12,000 cells make 
up the spinothalamic tract in cats. This number was higher than earlier estimations 
in cat, that were not based on countings of neurons in all spinal cord segments. 
Comprehensive studies on the cells of origin of the spinothalamic tract already 
existed in rat and monkey, which makes it possible to compare between species. In 
rat, it has been estimated that a total of 9000 spinothalamic neurons exists (Burstein 
et al., 1990b), while in monkey this was 18,000 (Apkarian and Hodge, 1989a). For the 
estimation in monkey, however, no correction factor was used, and it is therefore 
probably an overestimation. 

Comparison of the number of spinothalamic neurons with the number of spino-PAG 
and spinohypothalamic neurons
Concerning the numbers of neurons in other ascending pathways, the number of 
spino-PAG neurons in cat was estimated to be 15,000 (Mouton and Holstege, 2000). 
No study ever gave a precise estimate of the spinohypothalamic tract in cat, but 
interpolation of the data of the study of Katter et al. (1991) and application of the 
same correction factor as used in our study, would lead to an estimate of 1000 cells 
in the feline spinohypothalamic tract. This means that the ratio of the numbers of 
spinothalamic, spino-PAG and spinohypothalamic cells in cat is 1 : 1.25 : 0.1. Apparently, 
in cat more cells contribute to the spino-PAG pathway than to the spinothalamic 
tract, and relatively very few cells make up the spinohypothalamic tract. 
Lack of data on numbers of cells on the major ascending spinal tract in rat and 
monkey, makes it diffi cult to compare between species. It is not known in rat how many 
cells are involved in the spino-PAG pathway. Concerning the other two pathways, 
it was estimated that in rat more than 9500 spinothalamic neurons (Burstein et al. 
1990a), and 9000 spinohypothalamic neurons exist (Burstein et al., 1990b). These two 
pathways are almost equally as strong in rats, while in cats the spinothalamic tract is 
ten times stronger than the spinohypothalamic tract.  Also, it is an intriguing fi nding 
that in terms of absolute numbers, the spinohypothalamic tract in rats contains nine 
times more neurons than in cats. 
The number of spinohypothalamic neurons in monkey is unknown. The number of 
spinothalamic cells was estimated to be approximately 18,000 (Apkarian and Hodge, 
1989a), and of spino-PAG cells approximately 10,000 (Wiberg et al., 1987) in this 
species. However, the number of spinothalamic neurons is probably an overestimation, 
because no correction factor was used to calculate it. Of the number of spino-PAG 
cells it is unclear how the authors calculated this number from their data. 
Surprisingly, still no clear concept exists about the numbers of spinal neurons contributing 
to the major ascending tracts in the most commonly used laboratory animals. 
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C4 C7

L2 Coc 2S1

C1

C1 C2 C3

originates in lamina I throughout the length of the spinal cord
projects to thalamus, PAG, parabrachial nuclei
possible function relay of nociceptive, mechanical and visceral information

originates in ventrolateral part of laminae VI-VII and lamina VIII of C1-C3
projects to thalamus, PAG, n. Darkschewitsch, hypothalamus
possible function unknown

T7

T2

L5T12

C4 C7

L2 Coc 2S1

C1

originates in lamina V throughout the length of the spinal cord
projects to thalamus, PAG, parabrachial nuclei
possible function relay of nociceptive, mechanical and visceral information

Figure 2. Schematic overview of ascending systems from the spinal cord. 
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T5 L4T9 L2T13T1

L4
S1 S3L6 Coc 2

L7
S1

S2 S3L6

originates in lamina X of the thoracic and upper lumbar cord
projects to PAG, hypothalamus, parabrachial nuclei
possible function unknown

originates in medial part of laminae VI-VII and VIII of L4-Coc2
projects to thalamus, PAG, n. Darkschewitsch, deep tectal layers
possible function unknown

originates in lateral part of lamina I of L6-S2 and in laminae V-VII
and X of S1-S3

projects to PAG, parabrachial nuclei
possible function relay of information concerning micturition and mating behavior

C1 C2

originates in lamina VI of C1 and C2
projects to thalamus, deep tectal layers, dorsal column nuclei
possible function unknown

Figure 2 (continued). Schematic overview of ascending systems from the spinal cord. 
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Lamina I projections to the thalamus provide only a minor portion of all spinal 
projections to the thalamus
Projections from lamina I to the thalamus have received much attention, probably 
because the lamina I-thalamic projection is thought to play an important role in pain, 
a signifi cant clinical problem. Most likely, this unbalanced attention has led to the 
common believe that lamina I neurons provide the major part of the spinothalamic 
tract. However, when all segments of the cat spinal cord are studied, it appears that 
only 15% of all spinothalamic neurons are located in lamina I. If such fi gures also exist 
in humans, these fi ndings could have important implications for intervention in the 
functioning of the spinothalamic tract in patients, for example with cordotomy for 
pain relief. Lesioning ‘the’ spinothalamic tract probably not only affects lamina I 
projections, but also, and especially, non-lamina I projections, which are probably 
involved in other functions than pain. It has been shown that in monkey axons of 
lamina I cells travel somewhat more dorsally in the white matter than axons of neurons 
in deeper laminae (Apkarian and Hodge,1989b). It needs to be investigated how 
these fi ndings translate to the situation in human, but it might point to the benefi t and 
necessity of more precise surgery.

At least fi ve groups of neurons project from the spinal cord to the thalamus.
In our study on the cells of origin of the spinothalamic tract, for the fi rst time all spinal 
segments were studied in cat, which led to an overview of the segmental and laminar 
distribution of all spinothalamic cells. It was found that at least fi ve separate clusters of 
spinothalamic neurons exist (fi g. 2). These different clusters have specifi c rostrocaudal 
locations and are not restricted by laminar boundaries. Although spinothalamic cells 
had been described at similar locations in rats, cats and monkeys, these clusters had 
not been identifi ed before. The function of most of these clusters remains unknown.

COMPARISON OF SPINO-PAG AND SPINOTHALAMIC PATHWAYS
Comparison of the spinothalamic clusters with the spino-PAG clusters (Mouton and 
Holstege, 2000) reveals remarkable similarities, and also differences. 
Spinothalamic clusters in lamina I (A), in lamina V (B), in the ventrolateral upper 
cervical cord (C), and in the medial lumbosacral cord (E) have been found on a 
similar location as cells in the spino-PAG clusters I, II and IV (fi g. 2). Double labeling or 
physiological studies are necessary to fi nd out whether one individual neuron in one 
of these areas projects the PAG, the thalamus or to both structures. 
No cells project to the PAG from the location of spinothalamic cluster D in lamina VI 
of C1-C2. Conversely, no cells project to the thalamus from the location of spino-PAG 
clusters III in the lamina X of the thoraco-lumbar cord, and spino-PAG cluster V in the 
lateral sacral cord. 
Besides thalamus and PAG, other supraspinal structures such as hypothalamus and the 
nucleus of Darkschewitsch receive input from neurons located at the same location 
as some, but not all, spinothalamic clusters. Figure 2 shows the projections from 
different spinal cord regions to different supraspinal structures. It can be concluded 
that different afferent systems in the spinal cord project to different brain structures, 
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probably refl ecting the differences in function of the different spinal clusters. 
Three studies were specifi cally performed to compare the spinothalamic and spino-
PAG clusters in detail. These are discussed below.

More lamina I cells project to PBN and PAG than to the thalamus
In neuroanatomical textbooks the spinothalamic tract receives most attention 
regarding pain pathways. However, in chapter 8  it was shown that in cat many more 
cells project to brainstem structures, such as PBN and PAG, than to thalamus. In fact, 
in cat four times as many lamina I neurons project to the PBN and two times as many 
to the PAG, as to the thalamus. 
On the other hand, it has to be kept in mind that many neurons from other laminae 
than lamina I project to the thalamus (see chapter 6 of this thesis), PAG (Mouton et 
al., 2001) and PBN (Panneton and Burton, 1985). As in studies on the spinothalamic 
tract, of all spinal projections to the PAG, lamina I projections have been emphasized, 
since it was found that stimulation of the PAG can elicit strong analgesia. Similar to 
the spinothalamic projections, only a minor portion (approximately 25%) of spino-PAG 
projections originates in lamina I (Mouton et al., 2001).

Large numbers of neurons project from the upper cervical cord to thalamus and 
PAG
In chapter 9 it was shown that large numbers of neurons project from the upper cervical 
cord to thalamus and PAG. Almost half of both the spino-PAG and spinothalamic 
neurons in C1-C3 was located in the ventrolateral part of the ventral horn. The 
rostrocaudal distribution of the spino-PAG and spinothalamic neurons was also very 
similar: the greatest density of labeled neurons was found in the middle part of C1. This 
implies that the large groups of spino-PAG and spinothalamic neurons in the upper 
cervical cord are not just a caudal extension of the large group of neurons projecting 
to PAG or thalamus from the reticular formation of the brainstem. The qualitative and 
quantitative similarities between the spino-PAG and spinothalamic neurons in C1-C3 
suggests that neurons in the upper cervical cord might have collaterals to both PAG 
and thalamus. Double tracer studies with fl uorescent tracers or physiological studies 
can be used to resolve this issue.

Specifi c input from the sacral cord reaches the PAG, but not the thalamus
A specifi c group of neurons in the lateral sacral cord has been described to project 
to the PAG (VanderHorst et al., 1996; Mouton and Holstege, 2000). These cells  are 
believed to transmit information from genitals and bladder, important for micturition 
and mating behavior. Work in the present thesis shows that this group of neurons 
does not project to the thalamus (chapter 10), the main gateway to the cortex, 
indicating that information relayed by this group of sacral neurons might not reach 
consciousness. 

Comparing spinal input to the PAG with spinal input to the thalamus, brings to light 
similarities, but also important differences. Neurons in lamina VI of the upper cervical 
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spinal cord project to the thalamus and not to the PAG. Conversely, neurons in 
specifi c areas of the spinal cord (lamina X of the thoracolumbar cord, and the lateral 
sacral cord), probably involved in relaying visceral information, project directly to 
the PAG, but not to the thalamus. Furthermore, many more lamina I cells project to 
the PAG than to the thalamus. These fi ndings implicate that the PAG, key structure 
in the emotional motor system, directly receives particular kinds of information that 
the thalamus does not, and vice versa. The present results provide new evidence 
for the statement that one should not speak of the ‘emotional motor system’, but of 
the ‘emotional sensori-motor system’ (Mouton, 1999), because the emotional motor 
system receives specifi c sensory input. 
Moreover, these fi ndings have implications for how we view the somatic sensory 
system. Neuroanatomical textbooks often describe ‘the’ somatic sensory system 
as consisting of the pathways from the dorsal columns and the spinal cord to the 
thalamus. Projections to brainstem centers are often depicted as collaterals of these 
ascending thalamic pathways. Results from the studies presented in this thesis show 
that this view is neither complete nor accurate.

Epilogue
In the present thesis anatomical studies using neural tracing methods were described. 
These, and other, tracing studies provide hypotheses about the functions of the 
neural pathways, and they thereby give direction to future physiological, behavioral, 
pharmacological and molecular biological studies on these functions. Furthermore, 
knowledge of the anatomy of the pathways of the brain is essential for the interpretation 
of results obtained by modern neuroimaging methods, such as PET and fMRI. The 
colorful ‘blobs’ in brain scans represent brain areas involved in complicated networks. 
Until now, neuroimaging techniques are not sophisticated enough to show how these 
areas function within a particular network. Neuroanatomical work, using the animal 
brain as a model for the human brain, is necessary to shed light on the architecture 
and functioning of these patways.
Neuroanatomy, therefore, is an important discipline, but it is sometimes pushed aside 
by those that use techniques that are more ‘hip and happening’. It must be kept in 
mind that in case of the brain ‘function follows form’. It is not enough to know which 
brain areas are active during a certain behavior or which neurotransmitters are being 
released. Without knowledge of the underlying pathways, it will remain impossible to 
adequately, effi ciently and specifi cally intervene in processes of the brain, or even 
begin to understand them.
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CONTEXT VAN HET ONDERZOEK
Binnen de disciplinegroep Anatomie en Embryologie wordt neuroanatomisch 
onderzoek verricht naar de baansystemen die betrokken zijn bij het Emotioneel 
Motorisch Systeem. Het Emotioneel Motorisch Systeem in de hersenen controleert 
motoriek die belangrijk is voor de overleving van het individu, zoals agressief gedrag, 
vocalisatie, mictie (plassen) en veranderingen van bloeddruk en hartslagfrequentie, 
of voor de soort, zoals paringsgedrag en het gedrag betrokken bij het verzorgen van 
nageslacht. Het periaqueductale grijs (PAG), gelegen in de middenhersenen, speelt 
daarbij een belangrijke rol. Elektrische of chemische stimulatie van het PAG in dieren 
kan de hierboven genoemde gedragingen teweegbrengen. 
Motoriek, ook emotionele motoriek, is bijna altijd een reactie op veranderingen in de 
omgeving of in het lichaam van het individu. Om adequaat op deze veranderingen 
te kunnen reageren, is informatie hierover nodig. Voor emotionele motoriek is het 
belangrijk dat onder andere het PAG informatie ontvangt over wat er gebeurt in 
de omgeving en in het lichaam. De zenuwbanen die deze informatie vervoeren 
worden ‘afferenten’ genoemd, (van ad+ferre, ‘brengen naar’). In eerdere studies 
van de disciplinegroep Anatomie en Embryologie werden de afferenten vanuit het 
ruggenmerg naar het PAG onderzocht (proefschriften van V.G.J.M. VanderHorst, 
1996 en van L.J. Mouton, 1999). Dat en het huidige onderzoek werd gedaan in de 
kat, waarvan het brein een relatief goed model vormt voor de menselijke hersenen, 
met behulp van neurale tracer technieken. In dit proefschrift worden enkele vragen 
beantwoord die voortkwamen uit het onderzoek naar de afferenten van het 
periaqueductale grijs.

INHOUD VAN DIT PROEFSCHRIFT
Dit proefschrift bestaat uit drie delen. Het eerste deel gaat over projecties van de 
hersenstam naar het PAG. In tegenstelling tot projecties van het ruggenmerg naar 
het PAG zijn de banen vanuit de hersenstam niet eerder in detail in kaart gebracht. In 
dit proefschrift wordt een drietal banen beschreven van de hersenstam naar het PAG 
waarvan het bestaan nog niet eerder werd aangetoond. 
Om de banen vanuit het ruggenmerg naar het PAG in perspectief te kunnen plaatsen 
met andere belangrijke opstijgende banen uit het ruggenmerg, werd getracht de 
spino-PAG projecties te vergelijken met de projecties van het ruggenmerg naar de 
thalamus, de zogenaamde spinothalamische baan. De thalamus wordt gezien als 
de ‘poort naar de cortex’, en de spinothalamische baan is de bekendste sensorische 
baan. Het bleek echter dat een goede vergelijking niet mogelijk was, omdat de 
spinothalamische baan niet compleet in kaart was gebracht in de kat. Daarom werd 
voor dit proefschrift onderzoek gedaan naar de projecties die de spinothalamische 
baan vormen. Het tweede deel van het proefschrift handelt over deze projecties 
vanuit het ruggenmerg naar de thalamus. In het derde deel van het proefschrift 
worden de baansystemen vanuit het ruggenmerg naar de thalamus vergeleken met 
die naar het PAG. 
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1. Afferenten uit de hersenstam naar het PAG
Projecties van de nucleus retroambiguus naar het PAG
In dit proefschrift worden de projecties van een specifi ek onderdeel van de caudale 
reticulaire formatie van de hersenstam, de nucleus retroambiguus (NRA), naar het PAG 
beschreven. De projectie in de tegenovergestelde richting, van PAG naar NRA, wordt 
verondersteld een rol te spelen in vocalisatie en het uitvoeren van de paringshouding 
in dieren (Holstege, 1989; VanderHorst en Holstege, 1995). De NRA heeft daartoe 
projecties naar motoneuronen van keelspieren, buikspieren en achterpootspieren. 
De opstijgende banen, van NRA naar het PAG, zoals aangetoond in dit proefschrift, 
maken waarschijnlijk deel uit van een feedback systeem. Een opvallende vinding 
is dat deze projecties van NRA naar het centrale deel van het laterale PAG veel 
specifi eker zijn dan die van de omliggende reticulaire formatie naar het PAG. 

Projecties van hersenstam gebieden naar de dorsolaterale kolom van het PAG - rol 
voor deze kolom in het oculomotorische systeem 
De dorsolaterale kolom vormt een apart onderdeel van het PAG; zowel neurochemische 
eigenschappen als neuroanatomische verbindingen van deze kolom verschillen 
van die van de aangrenzende dorsomediale en laterale kolommen. In tegenstelling 
tot de andere kolommen van het PAG, ontvangt de dorsolaterale kolom geen 
afferenten van het ruggenmerg of van de reticulaire formatie van de hersenstam. 
In dit proefschrift werd onderzocht of er andere gebieden zijn in de hersenstam die 
projecteren naar de dorsolaterale kolom van het PAG. Er is gevonden dat de nucleus 
prepositus hypoglossi in de medulla en pons naar deze kolom projecteert. Opmerkelijk 
was dat het caudale deel van deze kern naar een ander gebied in de dorsolaterale 
kolom van het PAG projecteert dan het rostrale deel. Deze differentiële projectie laat 
zien dat er ten minste twee delen zijn in de dorsolaterale kolom van het PAG. 
De nucleus prepositus hypoglossi is betrokken bij de controle van oogbewegingen. 
Het feit dat dit kerngebied verbindingen heeft met het dorsolaterale PAG leidde 
tot de nieuwe hypothese dat de dorsolaterale kolom van het PAG een rol speelt 
in het oculomotore systeem. Voor dit proefschrift is onderzocht of ook andere 
oculomotorische gebieden in de hersenstam projecteren naar deze dorsolaterale 
kolom. Het periparabigeminale gebied in de middenhersenen, net als de nucleus 
prepositus hypoglossi betrokken bij controle van oogbewegingen, bleek dit ook te 
doen. Deze resultaten ondersteunen de hypothese voor een rol in het oculomotore 
systeem voor het dorsolaterale PAG.

2. Afferenten vanuit het ruggenmerg naar de thalamus
In dit proefschrift worden de afferenten vanuit het ruggenmerg naar de thalamus 
beschreven. In tegenstelling tot eerdere studies in de kat, die slechts een deel van de 
spinothalamische projecties beschreven, werden in deze studie de spinothalamische 
cellen in alle laminae en in alle segmenten (C1-Coc2) bestudeerd. Door deze 
nauwgezette methode werd een goed overzicht gekregen over de cellen van de 
spinothalamische baan, dat tot nieuwe inzichten leidde.
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Lamina I projecties vormen slechts een klein deel van alle spinothalamische 
projecties
Een nieuwe, beter onderbouwde, schatting van het totale aantal spinothalamische 
cellen in de kat laat zien dat er ongeveer 12.000 cellen vanuit het ruggenmerg naar 
de thalamus projecteren. Van deze cellen ligt slechts een klein deel (minder dan 15%) 
in lamina I. De projectie van lamina I naar de thalamus heeft altijd veel aandacht 
gekregen, omdat deze zeer waarschijnlijk betrokken is bij de gewaarwording van 
nociceptie (pijn). Neuronen in andere laminae hebben waarschijnlijk een andere 
functie. De vinding dat slechts een klein deel van de spinothalamische baan 
ontspringt in lamina I kan belangrijke implicaties hebben voor de klinische praktijk. Bij 
het chirurgisch doornemen van de spinothalamische baan voor de verlichting van pijn 
bestaat een groot risico dat niet alleen de lamina I projecties, maar ook, en met name, 
de andere projecties naar de thalamus worden onderbroken. In aap is aangetoond 
dat de axonen van de lamina I cellen iets dorsaler in de witte stof gelegen zijn dan die 
van de cellen in andere laminae. Dit betekent dat door nauwkeuriger ingrijpen het 
grootste deel van de spinothalamische baan intact gelaten zou kunnen worden.

Ten minste vijf groepen cellen in het ruggenmerg projecteren naar de thalamus
Nadat alle cellen in het ruggenmerg die projecteren naar de thalamus in kaart waren 
gebracht, bleek dat er ten minste vijf groepen spinothalamische cellen bestaan. 
Groep A bestaat uit de cellen in lamina I. Deze cellen liggen in alle segmenten van 
het ruggenmerg en zijn waarschijnlijk betrokken bij het doorgeven van informatie 
over nociceptie. Groep B ligt in lamina V, op alle niveaus van het ruggenmerg. In 
lamina V komt informatie van mechanoreceptoren van zowel de huid als van diepere 
structuren binnen, maar ook nociceptieve informatie. Groep C ligt ventrolateraal 

caudale nucleus prepositus hypoglossi

periparabigeminale gebied

supragenuale nucleus prepositus hypoglossi

mesencephaal tegmentaal veld
mediaal van het periparabigeminale gebied

Figuur 1. Schematische weergave van de projecties van verschillende delen van de nucleus 
prepositus hypoglossi en het mesencephaal tegmentaal veld naar verschillende delen van het  
dorsolaterale periaqueductale grijs.
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Figuur 2. Schematische weergave van opstijgende baansystemen vanuit het ruggenmerg.
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L5T12

C4 C7

L2 Coc 2S1

C1

C1 C2 C3

heeft oorsprong in lamina I over gehele lengte van het ruggenmerg
projecteert naar thalamus, PAG, parabrachiale kernen
mogelijke functie doorgifte van nociceptieve, mechanische en viscerale informatie

heeft oorsprong in ventrolaterale deel van laminae VI-VII en lamina VIII van C1-C3
projecteert naar thalamus, PAG, n. Darkschewitsch, hypothalamus
mogelijke functie onbekend

T7

T2

L5T12

C4 C7

L2 Coc 2S1

C1

heeft oorsprong in lamina V over gehele lengte van het ruggenmerg
projecteert naar thalamus, PAG, parabrachiale kernen
mogelijke functie doorgifte van nociceptieve, mechanische en viscerale informatie
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Figuur 2. (vervolg)

T5 L4T9 L2T13T1

L4
S1 S3L6 Coc 2

L7
S1

S2 S3L6

heeft oorsprong in lamina X van het thoracale en hoog lumbale ruggenmerg
projecteert naar PAG, hypothalamus, parabrachiale kernen
mogelijke functie onbekend

heeft oorsprong in mediale deel van laminae VI-VII en VIII van L4-Coc2
projecteert naar thalamus, PAG, n. Darkschewitsch, diepe lagen van het tectum
mogelijke functie onbekend

heeft oorsprong in laterale deel van lamina I van L6-S2 en in laminae V-VII
en X van S1-S3

projecteert naar PAG, parabrachiale kernen
mogelijke functie doorgifte van informatie aangaande mictie en paringsgedrag

C1 C2

heeft oorsprong in lamina VI van C1 en C2
projecteert naar thalamus, diepe lagen van het tectum, dorsale kolom kernen
mogelijke functie onbekend
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in de laterale laminae VI-VII en in lamina VIII op hoog cervicaal niveau (C1-C3). 
Eerdere fysiologische studies hebben aangetoond dat spinothalamische cellen op 
deze locatie reageren op stimulatie van de huid van het gehele lichaam, maar de 
precieze functie van deze groep blijft onbekend. Groep D bestaat uit cellen in lamina 
VI van C1 en C2. Er zijn geen fysiologische studies bekend naar de functie van deze 
cellen. De laatste groep (groep E) ligt in het mediale lumbale ruggenmerg. Van deze 
cellen werd eerder aangetoond dat ze reageren op verschillende stimuli, zoals pijn, 
beweging van de gewrichten en van de haren. 
Uit het huidige onderzoek blijkt dat de gehele spinothalamische projectie niet een 
algemeen projectiesysteem vormt; verschillende groepen cellen in het ruggenmerg, 
met waarschijnlijk verschillende functies, projecteren naar de thalamus. De projecties 
van de niet-lamina I cellen, met andere functies dan het doorgeven van informatie 
over pijn en temperatuur, verdienen meer aandacht in de neuroanatomische 
leerboeken en de klinische praktijk. 

3. Vergelijking van spinothalamische groepen met spino-PAG groepen
Projecties van lamina I naar parabrachiale kernen, PAG en thalamus
In eerdere studies is aangetoond dat een groot aantal lamina I cellen projecteert 
naar het PAG. Omdat de thalamus het bekendste eindigingsgebied is van lamina 
I projecties, werd voor dit proefschrift onderzocht wat de verhouding is tussen het 
aantal lamina I cellen dat naar het PAG projecteert en naar de thalamus. Van 
de parabrachiale kernen is bekend dat zij ook veel lamina I projecties ontvangen, 
en daarom zijn ook de lamina I projecties naar deze kern bestudeerd. Uit de 
retrograde tracing studie blijkt dat ongeveer vier keer zoveel lamina I cellen naar 
de parabrachiale kernen projecteren, en ongeveer twee keer zoveel naar het PAG, 
als naar de thalamus. Kernen in de hersenstam ontvangen dus veel meer lamina I 
projecties dan de thalamus, het bekendste eindigingsgebied van lamina I.

Projecties van het hoog cervicale ruggenmerg naar PAG en thalamus
Bijna de helft van alle spino-PAG en alle spinothalamische cellen liggen in het hoog 
cervicale ruggenmerg (C1-C3). Deze cellen hebben echter, in tegenstelling tot de 
lamina I cellen, zeer weinig aandacht gekregen in de literatuur. De aantallen en 
locaties van de cellen die naar de thalamus en die naar de PAG projecteren zijn 
opvallend gelijk, hetgeen doet vermoeden dat een cel collateralen heeft naar beide 
structuren.

Het laterale sacrale ruggenmerg projecteert naar het PAG, maar niet naar de 
thalamus
Cellen in lamina I en V van L7 en S1 en in mediale laminae VI-VII en X van S2-Coc2 
projecteren naar het PAG. Deze cellen in het sacrale ruggenmerg liggen precies op 
de locatie waar primaire afferenten binnenkomen van de blaas en genitaliën via de 
nervus pudendus en de nervus pelvicus. Omdat het PAG een belangrijke rol speelt 
in paringsgedrag en mictie waarvoor informatie van blaas en genitaliën essentieel 
is, wordt aangenomen dat de spino-PAG cellen in het laterale sacrale ruggenmerg 
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informatie doorgeven over deze organen. In dit proefschrift wordt aangetoond dat 
deze cellen in het laterale sacrale ruggenmerg niet naar de thalamus projecteren. 
Dit is een bijzondere bevinding, omdat algemeen wordt aangenomen dat alle 
sensorische informatie de thalamus bereikt. Aangezien de thalamus wordt gezien als 
de poort naar de cortex voor de gewaarwording van sensorische informatie, kan 
worden aangenomen dat de informatie uit het laterale sacrale ruggenmerg niet het 
bewuste niveau bereikt. 

Er zijn opmerkelijke overeenkomsten in de locatie in het ruggenmerg van 
spinothalamische cellen en spino-PAG cellen. Spino-PAG cellen zijn, net als 
spinothalamische cellen, gelegen in lamina I en V van alle segmenten van het 
ruggenmerg, in de laterale ventrale hoorn van het hoog cervicale ruggenmerg en 
in het mediale lumbosacrale ruggenmerg. Er zijn echter ook verschillen: in lamina VI 
van C1-C2 liggen veel spinothalamische cellen (spinothalamische groep C), maar 
geen spino-PAG cellen. Omgekeerd liggen er op de locaties van twee spino-PAG 
groepen, in lamina X van het thoraco-lumbale ruggenmerg, en in het laterale sacrale 
ruggenmerg, geen thalamus projecterende cellen. Uit de resultaten van dit proefschrift 
blijkt dat het PAG, de belangrijkste structuur in het ‘emotioneel motorisch systeem’ 
informatie ontvangt die de thalamus niet ontvangt en andersom. Blijkbaar zijn er 
specifi eke afferente systemen die betrokken zijn bij de totstandkoming van emotioneel 
gedrag. Het ‘emotioneel motorisch systeem’ zou dus eigenlijk het ‘emotioneel sensori-
motorisch systeem’ moeten heten (stelling proefschrift L.J. Mouton, 1999).
De spinothalamische en de spino-PAG projecties kunnen worden vergeleken met 
spinale projecties naar andere structuren in de hersenstam en het diencephalon, 
zoals de parabrachiale kernen, de nucleus van Darkschewitsch en de hypothalamus. 
Uit de literatuur blijkt dat deze structuren projecties ontvangen uit sommige delen van 
het ruggenmerg die ook naar PAG en thalamus projecteren, maar niet uit andere. Er 
bestaat blijkbaar niet één afferent systeem, maar er bestaan verschillende afferente 
systemen, die specifi eke informatie brengen naar bepaalde hersengebieden en 
niet naar andere. Deze vinding heeft belangrijke implicaties voor de ideeën over 
de bouw en functie van het somatosensorische systeem. In neuroanatomische 
leerboeken wordt vaak gesproken over ‘de’ spinothalamische baan, die begint in 
cellen in laminae I en V. Projecties naar centra in de hersenstam worden meestal 
weergegeven als collateralen van de projecties naar de thalamus. Uit het huidige 
onderzoek blijkt dat deze visie niet juist is: ‘de’ spinothalamische baan bestaat niet, de 
meeste projecties naar de thalamus zijn van cellen die gelegen zijn in andere laminae 
dan laminae I en V, en niet alle projecties naar de hersenstam zijn collateralen van 
spinothalamische projecties. 

In tegenstelling tot wat vaak aangenomen wordt, is veel van de neuroanatomie van 
onder andere het somatosensorische systeem nog niet bekend. Neuroanatomisch 
onderzoek blijft dus nodig. Daarbij leiden neuroanatomische studies, zoals in dit 
proefschrift, tot nieuwe hypotheses over de functie van de baansystemen in het 
centraal zenuwstelsel, die getoetst kunnen worden in gedragsbiologisch, fysiologisch, 
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farmacologisch en moleculair biologisch onderzoek. Kennis van de neuroanatomische 
verbindingen is tevens essentieel voor de interpretatie van resultaten van onderzoek 
met moderne neuroimaging technieken in mensen. Neuroanatomie is derhalve een 
belangrijke discipline, maar wordt soms naar de achtergrond gedrukt door technieken 
die ‘hipper’ zijn. Echter, zonder gedegen kennis van de neuroanatomische netwerken 
zal het onmogelijk blijven om adequaat in te grijpen in de functies van het (defecte) 
brein, of om de werking van het brein te begrijpen. 
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