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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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Chapter 10

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




