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Abstract

The superior colliculus (SC), which directs orienting movements of both the eyes and head, is
reciprocally connected to the mesencephalic reticular formation (MRF), suggesting the latter is
involved in gaze control. The MRF has been provisionally subdivided to include a rostral portion,
which subserves vertical gaze, and a caudal portion, which subserves horizontal gaze. Both
regions contain cells projecting downstream that may provide a conduit for tectal signals targeting
the gaze control centers which direct head movements. We determined the distribution of cells
targeting the cervical spinal cord and rostral medullary reticular formation (MdRF), and
investigated whether these MRF neurons receive input from the SC by the use of dual tracer
techniques in Macaca fascicularis monkeys. Either biotinylated dextran amine or Phaseolus
vulgaris leucoagglutinin was injected into the SC. Wheat germ agglutinin conjugated horseradish
peroxidase was placed into the ipsilateral cervical spinal cord or medial MdRF to retrogradely
label MRF neurons. A small number of medially located cells in the rostral and caudal MRF were
labeled following spinal cord injections, and greater numbers were labeled in the same region
following MdRF injections. In both cases, anterogradely labeled tectoreticular terminals were
observed in close association with retrogradely labeled neurons. These close associations between
tectoreticular terminals and neurons with descending projections suggest the presence of a trans-
MRF pathway that provides a conduit for tectal control over head orienting movements. The
medial location of these reticulospinal and reticuloreticular neurons suggests this MRF region may
be specialized for head movement control.

Keywords
head movement; oculomotor; superior colliculus; reticular formation; gaze

Corresponding Author: Paul J May, PhD, Department of Anatomy, University of Mississippi Medical Center, 2500 North State Street,
Jackson, MS 39216-44505, pmay@anatomy.umsmed.edu, Phone: 610/984-1662, Fax: 601/984-1655.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

INTRODUCTION

Animals explore their environment using a series of gaze changes in which quick
accompanying head movements are often employed in conjunction with saccades to help
bring selected targets onto the fovea, and to reset the eyes near primary position. While we
have considerable knowledge of the circuitry that controls eye movements during gaze
changes, our understanding of the circuits controlling the head components is less complete
(Guitton et al., 1984; André-Deshays et al., 1991; Fuller, 1992; Tweed et al., 1995; Stahl,
1999; Freedman and Sparks, 2000). The superior colliculus (SC) is the primary brainstem
center for computing the vector of a gaze change (Sparks, 1986). By use of preparations in
which the head is unrestrained, it has been shown that SC gaze signals direct movements of
the head, as well as the eyes (Stryker and Schiller, 1975; Roucoux et al., 1980; Cowie and
Robinson, 1994; Freedman and Sparks, 1997a&b; Walton et al., 2007). The main gaze-
related outflow of the SC via the predorsal bundle or crossed tectobulbospinal pathway
reaches the upper cervical cord (Anderson et al., 1971; Harting, 1977; Nudo and Masterton,
1989; May and Porter, 1992; Cowie et al., 1994; Robinson et al., 1994). However, the
projections to the spinal cord are relatively sparse in monkeys, and only a limited number of
terminals in the spinal cord directly contact motoneurons (Rose et al., 1991; May and Porter,
1992). Instead, the main control of gaze-related head movements appears to lie within the
rostromedial medullary reticular formation (MdRF). Electrical stimulation of the
paramedian portion of the gigantocellular medullary reticular formation between the levels
of the abducens and hypoglossal nuclei produces head movements like those seen with gaze
changes (lwamoto et al., 1988; Drew and Rossignol, 1990a&b; Cowie et al., 1994; Cowie
and Robinson, 1994; Quessy and Freedman, 2004). This region contains reticulospinal
neurons that receive collicular inputs and fire before head movements in conjunction with
gaze changes (Isa and Nito, 1995; Kakei et al., 1994).

While the collicular pathways projecting directly and indirectly to the upper cervical spinal
cord would appear to provide a necessary substrate for tectally-initiated head movements, it
should be recalled that interactions between the head and eye are complex, and can be
modified by the context of a gaze change (Ron and Berthoz, 1991; Fuller, 1992; Dunham,
1997; Stahl, 2001; Sylvestre and Cullen, 2006). Moreover, the steps required to transform
the spatial code for gaze movement present in the SC into the temporal code by which
motoneurons direct the musculature have yet to be fully specified (Moschovakis et al., 1998;
Badler and Keller, 2002). Even at the level of the neck musculature, the activity of the
various muscles appears to be regulated in a complex manner, due to the numerous joints
involved and the head’s large mass compared to the eye (Richmond et al., 1992; Thomson et
al., 1996; Corneil et al., 2001). In light of these facts, it is reasonable to investigate whether
other structures play a role in tectal control over head movements.

Among structures receiving collicular input, the mesencephalic reticular formation (MRF) is
particularly well endowed with tectal terminals (Harting, 1977; Huerta and Harting, 1982;
Chen and May, 2000). The MRF has been subdivided into a rostral portion adjacent to (peri)
the interstitial nucleus of Cajal (piMRF), which is believed to be involved in the vertical
component of gaze changes, and a caudal portion, the central mesencephalic reticular
formation (cMRF), which is believed to be involved in horizontal gaze changes (King et al.,
1980; Cohen et al., 1985; Scudder et al., 1996a; Waitzman et al., 1996; Waitzman et al.,
2000a&b). Many of the neurons within the MRF show firing characteristics that are similar
to those of collicular or paramedian pontine reticular formation (PPRF) neurons (King et al.,
1980; Moschovakis et al., 1988b; Fukushima et al., 1995; Scudder et al., 1996a&b; Cromer
and Waitzman, 2007). This may not be surprising as collaterals of the predorsal bundle
axons terminate extensively in the ipsilateral MRF (Grantyn and Grantyn, 1982;
Moschovakis and Karabelas, 1985; Moschovakis et al., 1988a). Lesions in or chemical
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inactivation of the MRF impairs the accuracy of gaze changes and modifies head position
(Bender and Shanzer, 1964; Waitzman et al., 2000a&b). Furthermore, cMRF recordings
made in head-free monkeys indicate that while most cell activity correlates with gaze, some
neurons have activity that correlates best with head movements (Pathmanathan et al.,
2006a&b). However, the manner in which the cMRF and/or piMRF fit into the anatomical
circuits for control of eye and head movements is not well understood. The purpose of the
present study was to investigate this point. Specifically, a dual tracer approach was used in
macaque monkeys to determine the relationship between tectoreticular axonal arbors and
MRF neurons that project to the cervical spinal cord or MdRF. Portions of this work have
been described previously in abstract form (May et al., 2005).

MATERIALS AND METHODS

This study was carried out in 8 juvenile or young adult macaque monkeys (Macaca
fascicularis). All of the experiments were performed in accordance with NIH guidelines for
animal care and use, using protocols approved by the local IACUC.

Surgical Procedure

The injection paradigm required sequential surgical procedures with an interval based on the
transport times of the tracers. The collicular, brainstem and spinal cord injections were all
placed on the left side. The anterograde tracers BDA (biotinylated dextran amine, N=6) or
PhaL (Phaseolus vulgaris leukoagglutinin, N=2), were injected into the SC. Approximately
3 weeks after the BDA injections, WGA-HRP (wheat germ agglutinin-horseradish
peroxidase) was placed into the spinal cord of 2 animals, or the MdRF of 4 animals.
Approximately 2 weeks after the PhaL injections, WGA-HRP was placed in the MdRF of 2
animals. Animals were sacrificed within 48 hours of the second tracer injection.

Before surgery, monkeys were sedated with ketamine HCL (10 mg/kg, IM). A surgical level
of anesthesia was induced and maintained with isoflurane (2—3%). Dexamethasone (0.4 mg,
IV) was given to minimize cerebral edema, and atropine sulfate (0.05 mg/kg, IM) was given
to reduce airway secretions. The left SC was visualized via a unilateral craniotomy, followed
by aspiration of the medial bank of parietal and occipital cortex where it overlies the SC and
rostral vermis. A solution of 10 % BDA was pressure injected using a 1.0 pl Hamilton
syringe angled 20° tip rostral in the sagittal plane. Two injections of 0.1-0.2 pl each were
placed between 1.0-1.5 mm beneath the collicular surface. Alternatively, a solution of 2.5 %
PhaL in 0.1 M, pH 8.0 phosphate buffer, which was contained in a glass micropipette (20—
30 um tip), was iontophoresed into the SC by passing a positive current of 5-10 pA for 10
minutes (50% duty cycle, 7 sec/pulse). The defect left by the aspiration was filled with
gelfoam and the wound edges were re-apposed and sutured. The wound site was treated with
a local anesthetic (Sensorcaine, SC). Post-operatively, the animals were treated with the
analgesic, Buprenex (0.01 mg/kg, IM).

Each animal underwent a second surgery to inject the spinal cord or MdRF. A 1-2 %
solution of WGA-HRP mixed with a 10% solution of horseradish peroxidase (HRP) was
pressure injected using a 1.0 pl Hamilton syringe. The general procedures for the second
surgery were the same as those used for the first surgery, but a posterior approach was taken.
After being positioned in the stereotaxic headholder, the animal’s head was angled to 33°,
nose down. The skin and muscle between the nuchal crest and C1 were incised along the
midline and retracted laterally. The atlanto-occipital membrane was incised. For the spinal
cord injections, a portion of the C1 vertebral arch was removed. The needle was then
advanced to a depth of 2-3 mm below the surface with the syringe angled to pierce the
surface of the cord orthogonally, through the dorsal columns. Injections of 0.1l each were
made at 2-3 different rostrocaudal sites. For the medullary injections, the microsyringe was
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instead directed at an angle of 67-80°, tip rostral in the sagittal plane, to penetrate to the
MdRF by entering through the dorsal medullary surface. Stereotaxic coordinates for the
MdRF (8.0 posterior, 2.0 lateral, 1.0 dorsal) (Szabo and Cowan, 1984) were adjusted with
respect to the coordinates of the obex. Injection ranging from 0.02 to 0.05 pl were made at
1-3 points along the track. Following either type of injection, the cisterna magna was sealed
by placing Gelfilm beneath the atlanto-occipital membrane. The muscle layers and skin were
re-apposed and stabilized with suture. As before, local and general analgesics were
administered during the postoperative period. Animals were sacrificed 24-48 hours after the
WGA-HREP injection in all cases. Each monkey received an overdose of sodium
pentobarbital (50 mg/kg, IP), and was perfused transcardially. A buffered saline prewash,
was followed by a fixative solution of 1.0 % paraformaldehyde and 1.25-1.5 %
glutaraldehyde in 0.1 M, pH 7.2 phosphate buffer (PB). Brains were blocked in the frontal
plane, post fixed 1-2 hours in the same fixative, and then stored over night at 4° C in PB.

Histological Procedures

Brainstem sections were cut in the frontal plane and spinal cord sections were cut
longitudinally at 100 um by use of a vibratome (Leica). Two sets of 1 in 3 series, in which
the sections were 300 um apart, were processed sequentially to reveal both the WGA-HRP
and the BDA or PhaL reaction product (Chen and May, 2002). First, the tissue was reacted
to demonstrate the WGA-HRP by use of a tetramethylbezidine (TMB) protocol. Briefly, the
sections were rinsed with 0.1 M, pH 6.0 PB, followed by preincubation in 0.005 % TMB
(tetramethylbenzidine HCI), 0.25 % ethanol, and 0.245 % ammonium molybdate in 0.1M,
pH 6.0 PB. The reaction was initiated by the addition of H,0, solution (0.011 %), and the
sections incubated overnight at 4°C. They were then transferred to a stabilizer solution of
5.0 % ammonium molybdate in 0.1 M, pH 6.0 PB, followed by multiple rinses in the same
PB. These sections were further stabilized by incubation in a 5.0 % solution of DAB
(diaminobenzidine HCI) in 0.1 M, pH 7.2 PB to which H,0, (0.011 %) was added to
produce a brown reaction product in the labeled neurons.

To demonstrate the transported tracer in animals with BDA injections, the tissue was rinsed
in 0.1 M, pH 7.2 PB after the TMB and DAB procedures. It was then introduced to 0.5 %
triton X-100 in 0.1 M, pH 7.2 PB. Next, sections were incubated overnight at 4°C in an
Avidin-HRP (Vector Laboratories) solution (1:500) in 0.1 M, pH 7.2 PB containing 0.05 %
triton X-100. After rinsing with 0.1 M, pH 7.2 PB, they were reacted in a 5.0 % DAB
solution of 0.1M, pH 7.2 PB containing 0.011 % H,05, 0.05 % nickel ammonium sulfate
and 0.025-0.05 % cobalt chloride for 10-30 minutes to produce a black reaction product in
labeled axons.

To demonstrate the transported tracer in animals with PhaL injections, the sections were
rinsed in 0.1M, pH 7.2 PB after the TMB and DAB procedures. Next, sections were
incubated in 0.3% triton X-100, 10 % normal goat serum (NGS) solution in 0.1 M, pH 7.2
PB. These sections were then incubated with goat biotinylated anti-PhaL (1:200 in 0.1M, pH
7.2 PB solution) with 10 % NGS overnight at 4°C. Next, the sections were incubated with
the final ABC Kit solution (Vector Laboratories) for 1-2 hours. Sections were rinsed in
0.1M, pH 7.2 PB, then they were incubated in a 5.0 % DAB, 0.05 % nickel ammonium
sulfate solution with 0.011 % H,0, in 0.1M, pH 7.2 PB. Additional 1 in 6 series were
reacted to demonstrate the presence and distribution of the WGA-HRP (TMB) or BDA
(Avidin-HRP-DAB) or PhaL (biotinylated anti-PhalL, ABC, nickel/cobalt DAB) alone, by
use of the appropriate parts of the techniques described above. In all cases, the sections were
rinsed in 0.1M, pH 7.2 PB, mounted on gelatinized slides, counterstained in cresyl violet,
dehydrated, cleared and coverslipped .
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Data Analysis

The distributions of anterogradely labeled tectoreticular axon terminals and retrogradely
labeled neurons were charted at 32x magnification, and individual neurons and axons
exhibiting close associations were drawn at 800x magnification using an Olympus BH-2 or
Nikon Eclipse 80i microscope equipped with a drawing tube. Selected areas within the MRF
that contained labeled neurons and terminals were digitally photographed with a Nikon
Eclipse E600 photomicroscope equipped with Nikon Digital DXM1200F camera by use of
MetaMorph image analysis software. Digitized information from up to 20 Z-axis focal
planes 1 um apart was combined into a single plane by use of the MetaMorph “stack
arithmetic minimum?” function. The brightness, contrast and color of the digitized images
were adjusted in Adobe Photoshop to appear as close as possible to the visualized image.

RESULTS

The brainstem region identified as the cMRF occupies roughly the central half of the MRF’s
dorsoventral dimension. It extends from just rostral of the level of the nucleus of the
posterior commissure to the level of the trochlear nucleus. The piMRF is located
immediately rostral to this, at the levels where the interstitial nucleus of Cajal (InC) is
present. These definitions are based on physiological studies (Cohen et al., 1985; Waitzman
et al., 1996, 2000 a&b), and examination of the MRF following injections of tracer into the
SC (Chen and May, 2000; Warren et al., 2008).

Tectoreticulospinal Connections

Injections of the bidirectional tracer, BDA, into the SC labeled both reticulotectal cells and
tectoreticular axons in MRF. The WGA-HRP was used to retrogradely label reticulospinal
neurons in MRF. The 2 animals with these injections showed similar MRF labeling patterns.
One case is shown in figure 1. The collicular injection included all layers of the caudal SC
and extended into the intercollicular zone ventral to SC (insert upper right). Based on
measurements made of roots upon extracting the spinal cord, the WGA-HRP injection in
this case extended from C1 to C2 (insert lower right). It included both the dorsal and ventral
horns, and adjacent areas of white matter on the left, but also extended across the midline to
include the gray matter on the right side.

As a result of the SC injection, a region was present in the left caudal MRF that contained
extensive overlap between BDA labeled tectoreticular axon terminals (stipple) and BDA
labeled reticulotectal cells (dots) (Fig. 1B-D). We have proposed that the region of overlap
between the BDA labeled terminals and BDA labeled neurons represents the cMRF (Chen
and May, 2000).

While labeled tectoreticular terminals were observed rostrally in the piMRF, labeled
reticulotectal cells were not (Fig. 1A). BDA labeled reticulotectal neurons were also found
in the cMRF contralateral to the SC injection, but there were few BDA labeled tectoreticular
terminals on this side. The neurons labeled with WGA-HRP following the cervical cord
injection (diamonds, Fig. 1) lay within the gaze-related portion of the midbrain, as defined
by the anterogradely labeled terminal field from the SC injection. Most reticulospinal
neurons were located medially, adjacent to the central gray, in both the piMRF (Fig. 1A) and
CcMREF (Fig. 1B-D). Fewer retrogradely labeled cells were observed in the material reacted
to show both tracers compared to sections reacted to reveal just the WGA-HRP (see Warren
et al., 2008) suggesting some loss of lightly labeled cells in the dual tracer procedure.

The relationship between the BDA labeled tectoreticular axonal arbors and the WGA-HRP
labeled reticulospinal cells in the MRF is illustrated in figure 2. Reticulospinal neurons in
both the piMRF (Fig. 2A&B) and cMRF (Fig. 2C-F) were medium sized, multipolar cells.
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They lay within a field of poorly branched, BDA labeled, tectoreticular terminal arbors, that
displayed en passant and terminal boutons. In some cases, BDA labeled boutons lay in close
association (arrowheads) with the retrogradely labeled reticulospinal neurons within the
piMRF (Fig. 2A&B) and cMRF (Fig. 2F).

The difference between the BDA and WGA-HRP labeling is shown in figure 3A. The BDA
labeled reticulotectal neurons (red arrow) were darker in color than the golden brown color
of the labeled reticulospinal neurons (blue arrow). Close associations (arrowheads) can be
seen between the BDA labeled tectoreticular axonal boutons and the somata (Fig. 3A&C)
and dendrites (Fig. 3B) of these reticulospinal neurons, in the piMRF (Fig. 3C) and cMRF
(Fig. 3A&B).

MRF reticuloreticular neurons

Cases in which the tissue was reacted using just the TMB protocol were plotted to determine
the distribution of the WGA-HRP labeled reticuloreticular neurons in the MRF that project
to the medulla. Figure 4 shows the pattern of retrograde label from an injection site that was
located primarily in left MdRF with some extension over the midline, and limited spread
into the inferior olive (Fig. 4G-I). Rostrally (Fig. 4A&B), retrogradely labeled neurons
(dots) were located ipsilaterally in the piMRF, as well as in the interstitial nucleus of Cajal
(InC) and nucleus of Darkschiewitsch (nD). Labeled piMRF cells were mainly found
medially, adjacent to the InC. Caudally (Fig. 4C-E), retrogradely labeled cells were
observed in the medial half of the cMRF. A few labeled cells were also present in adjacent
regions of the periaqueductal gray. The labeled neurons located in the nucleus of the optic
tract (Fig. 4E&F) are presumably due to inclusion of the inferior olive in the injection site
(Mustari et al., 1994).

Tectoreticuloreticular Connections

BDA Experiments—In order to determine whether the SC utilizes the MRF to control
head movement areas within the medulla, injections of BDA and WGA-HRP were placed
into the SC and MdRF, respectively. Similar patterns of label were observed in the 4 cases.
In the illustrated example, BDA placed into the left SC involved portions of all the collicular
layers (Fig. 5A-D & 6A), and minimally invaded the dorsolateral portion of the
periaqueductal gray (Fig. 5A&B). The tracer was confined to the middle third of the SC, in
its mediolateral dimension. The injection of WGA-HRP in the same animal was directed
into the medial MdRF on the same side (Fig. 5D-G & 6B). The injection site was centered
off the midline with minimal spread into the opposite side (Fig. 5D). The core of the
injection was found in the paramedian medullary reticular formation, caudal to the level of
the abducens nucleus. Due to the angled approach, the track entered the surface of the open
medulla caudally, at the level of the hypoglossal nucleus and ended rostrally within the
inferior olive at the level of the abducens nucleus (Fig. 5D). However, the tracer did not
encroach upon the PPRF.

As in the collicular injection described earlier, labeled tectoreticular terminals, as well as
reticulotectal neurons, were seen within the MRF ipsilateral to the SC injection (Fig. 7).
Caudally, BDA labeled tectoreticular terminals (stipple) were again widely distributed
within the cMRF (Fig. 7C-G), and extended rostrally into the piMRF (Fig. 7A&B). BDA
labeled reticulotectal neurons (black dots) were again concentrated as a mediolaterally
oriented band extending across the cMRF (Fig. 7C-G), but were largely absent from the
piIMRF (Fig. 7A&B). Reticuloreticular neurons labeled retrogradely from the WGA-HRP
injection in the MdRF (diamonds) were also found within the piMRF (Fig. 7A&B) and
cMRF (Fig. 7C-G). Again, fewer retrogradely labeled cells were observed in the dual tracer
material (Fig. 7) in comparison to sections reacted just for WGA-HRP (Fig. 4). Most of the
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WGA-HRP labeled reticuloreticular neurons in the cMRF were located in its medial half
(Fig. 7C-G). In the piMRF the vast majority of WGA-HRP labeled neurons were also
observed medially within the MRF, and appeared to be continuous with labeled neurons
within the adjacent nucleus of Darkschewitsch (nD) (Fig. 7A&B). More labeled neurons
were located dorsally and dorsolaterally in the MRF of this case than the others, and fewer
were present in InC (Fig. 4), perhaps due to greater spread of the tracer. WGA-HRP labeled
neurons were also seen in the periaqueductal gray (Fig. 7A-G), and the supraoculomotor
area (Fig. 7C-E).

The overlap in the distribution of the retrogradely labeled reticuloreticular neurons and the
anterogradely labeled tectoreticular terminals in the MRF suggested the possibility of
connections between the two elements. Figure 8 provides illustrations of these possible
connections. The labeled reticuloreticular neurons in the piMRF (Fig. 8A) and cMRF (Fig.
8B) were multipolar, with 3-4 primary dendrites. Their somata ranged in size from 40-60
um along their long axis. The labeled tectoreticular terminal arbors rarely displayed
branches, and appeared as thin segments connecting en passant boutons of slightly different
sizes. Specifically, in the piMRF (Fig. 8A), close associations (arrowheads) between labeled
axonal boutons, and the somata (Fig. 8A, cells a,b,c&f) and dendrites (Fig. 8A, cells a—f) of
the labeled cells were apparent. Very similar relationships were observed between WGA-
HRP labeled reticuloreticular neurons and BDA labeled tectoreticular axons more caudally,
in the cMRF (Fig. 8B). Close associations (arrowheads) were observed between these
boutons and the somata (Fig. 8B, cells b,c,e,f&g) and dendrites (Fig. 8B, cells a,b,d-g) of
the retrogradely labeled reticuloreticular neurons. In both the cMRF and piMRF, an
individual axon was generally seen to make only a few contacts with any individual
reticuloreticular cell, although individual cells often received several contacts from different
axons (e.g., Fig. 8A, cells a&b; 8B, cell b).

Figure 3D shows the two populations of neurons that were retrogradely labeled following
tectal and MdRF injections. In general, the black reticulotectal cells appeared to be larger
than the brown reticuloreticular neurons, but this impression may be due to the better
dendritic filling provided by the BDA. Close associations (arrowheads) between the BDA
labeled (black) tectoreticular axon terminals and WGA-HRP labeled (brown)
reticuloreticular neurons were present in both the piMRF (Fig. 3E) and cMRF (Fig. 3F&G).
In some cases, an individual axon displayed several boutonal close associations with the
same cell (Fig. 3E&G). Labeled boutons were found in association with both the somata
(Fig. 3E=G) and dendrites (Fig. 3 F&G) of these retrogradely labeled neurons.

PhaL Experiments—BDA is an effective anterograde tracer, but as shown above, it can
also transport retrogradely. This presented a potential problem, as it was possible that
labeling of reticulotectal axon collaterals within the cMRF could lead to confusion with
anterogradely labeled tectoreticular terminals. In order to control for this, Phaseolus vulgaris
leucoagglutinin (PhalL) injections of the SC were also employed. Figure 9 shows the
location of the PhaL injection placed into the left SC, and WGA-HRP injection within the
left MdRF of a representative example. The PhaL injections were centered in the
intermediate gray layer of the caudal SC (Fig. 9A—C) with some extension into the deep
gray layer. They spared the more medial and lateral regions of the SC. After entering the
open medulla rostral to the hypoglossal nucleus, the WGA-HRP injection extended within
the MdRF just lateral of the midline, to end medial to the inferior olive (Fig. 9C—F). There
was little spread across the midline and the PPRF was not involved.

The pattern of terminal label (stipple) following this PhalL injection into the SC is shown in
figure 10. Terminals were found throughout the rostrocaudal extent of MRF, including both
the piMRF (Fig. 10A&B) and cMRF (Fig. 10C-G). The labeled tectoreticular terminals
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were sparser than observed following the BDA injections (Fig. 4). No neurons labeled
retrogradely with PhaL were present. The reticuloreticular neurons labeled retrogradely from
the MdRF injection of WGA-HRP (dots) fell within this terminal field. As before, they were
primarily located in the medial portion of the cMRF (Fig. 10C-G) and in the piMRF
adjacent to labeled cells in the InC and nD (Fig. 10A&B).

The PhaL injections produced labeled axons that could be followed for considerable
distances within the piMRF (Fig. 11A, cell ¢) and the cMRF (Fig. 11B, cell ). These axons
branched occasionally, often displaying short side branches. They had both en passant and
terminal boutons that varied slightly in size. Some of these labeled boutons were observed in
close association with retrogradely labeled reticuloreticular neurons in the piMRF (Fig.

11A) and cMRF (Fig. 11B). Close associations (arrowheads) between these tectoreticular
boutons and the somata (Fig. 11A, cells b—e; 11B, cells a, c—e) and dendrites (Fig. 11A, cells
a—e; 11B, cells a—e) of the retrogradely labeled reticuloreticular neurons were readily
apparent. These associations were similar to those seen with paired BDA and WGA-HRP
injections (Fig. 8). In most cases, individual axons only contributed a few boutons to any
individual retrogradely labeled neuron (e.g., Fig. 11B, cell a). In other cases, more extensive
relationships were apparent (Fig. 11A, cells a—c; Fig 11B, lower cell d).

The photomicrographs in figure 12 further document the relationship between tectoreticular
terminals and reticuloreticular neurons. These plates show examples of the close association
(arrowheads) between WGA-HRP labeled reticuloreticular neurons and PhaL labeled
tectoreticular terminals in the piMRF (Fig. 12A&B) and cMRF (Fig. 12C-F). In some cases
(Fig. 12A,C&F), an individual PhaL labeled axon ran along the soma or dendrites of a
labeled neuron providing numerous close associations between boutons and the cell. More
commonly, an individual axon only provided a few associations with any particular neuron
(Fig. 12B&C).

DISCUSSION

This study indicates that the distribution of tectoreticular terminals within the midbrain
reticular formation overlaps that of reticulospinal neurons projecting to the upper cervical
spinal cord, as well as reticuloreticular neurons projecting to the medullary reticular
formation. Both of these populations of output neurons are largely confined to the medial
half of the MRF, providing strong anatomical evidence that the medial MRF is in a position
to influence gaze associated head movements. While previous studies have examined the
distribution of these MRF populations, this is the first to allow simultaneous examination of
the terminal and cell populations in a primate. Furthermore, the boutons of tectoreticular
axons often displayed close associations with MRF neurons projecting to the MdRF and
spinal cord, suggesting a synaptic connection. This indicates the presence of a mostly
ipsilaterally directed, trans-MRF pathway for tectal control of head movements that runs in
parallel with the decussating, direct collicular projections for head control.

In tracer studies, spread outside the target or labeling of axons-of-passage must be
considered. Our cases included examples where the tracer did not spread beyond the
confines of the SC, and the organization of the SC minimizes fiber-of-passage problems. In
addition, we confirmed our BDA results with PhaL injections. WGA-HRP injections into
the spinal cord present a fiber-of-passage problem, as we can not guarantee that the MRF
neurons labeled in the present study did not actually project to more caudal segments.
However, there is evidence that the MRF does not project far beyond the upper cervical cord
(Fukushima et al., 1979; Zhou et al., 2006). Placement of tracer into the MdRF did produce
considerable spread of tracer along the needle track, variously including the inferior olive,
nucleus prepositus, and hypoglossal and gracile nuclei. Since the pattern of retrograde MRF
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label did not change appreciably, despite variations in tracer spread into these nuclei, we
believe this labeling of cells was not due to the inclusion of these structures. This opinion is
supported by evidence that cMRF projections are confined to the paramedian MdRF (Zhou
et al., 2006). Finally, it should be noted that while the close associations we observed
certainly suggest synaptic contact, this remains to be confirmed by ultrastructural analysis.
On the other hand, the close associations observed in the present study may represent only a
fraction of the tectal input to these cMRF populations, as it was not possible to see terminal/
cell associations out on the dendritic tree where the retrograde tracer failed to penetrate.

Itis likely that the MRF and MdRF have multiple functions, but the pattern of connections,
as summarized in Figure 13 suggests this part of the circuitry subserves gaze (Harting, 1977,
Moschovakis et al., 1988b; Chen and May, 2000; Warren et al., 2008; Zhou et al., 2008).
Neurons in the SC provide collicular input to the ipsilateral piMRF and cMRF. These same
fibers constitute the crossed predorsal bundle pathway, which supplies input to the MdRF
and cervical cord, in order to initiate head movements in combination with saccades. We
have identified three populations of MRF neurons that are targeted by SC input: 1.
reticulotectal cells that provide feedback to the superior colliculus (Chen and May, 2000;
Warren et al., 2008); 2. reticuloreticular neurons that supply input to the ipsilateral
medullary reticular formation head control zone (present results); and 3. reticulospinal
neurons that project directly to the upper segments of the ipsilateral spinal cord (present
results; Warren et al., 2008). The latter two are found medially within the MRF, while the
first is found throughout the MRF. These results suggest that in addition to the crossed
tectobulbospinal pathway emanating from the SC, an alternate circuit involving neurons in
the ipsilateral MRF exists, which could provide a route whereby the colliculus influences
head movements that occur with gaze changes. This trans-MRF pathway supplies the same
target structures on the ipsilateral side as are supplied by the predorsal bundle pathway on
the contralateral side.

Comparison to Previous Findings

In this study, we have concentrated on two MRF subdivisions: the rostral piMRF and caudal
cMRF, to ease comparison with contemporary physiological studies of the region
(Waitzman et al., 2000a&b; Cromer and Waitzman, 2006; Pathmanathan et al., 2006a&b).
These studies and others (King et al., 1980; Scudder et al., 1996a) suggest that piMRF is
more involved with vertical eye movement components, while the cMRF is more involved
with horizontal eye movement components. However, neither the degree to which these are
truly separate functions (Handel and Glimcher, 1997), nor the precise border between the
subdivisions, have been defined. Our studies have highlighted a further difference, the fact
that the ipsilateral piMRF largely lacked retrogradely labeled reticulotectal neurons
following caudal SC injections (Chen and May, 2000; May, 2006; Warren et al., 2008).
However, in a study in cats, we found reticulotectal neurons in the piMRF when more rostral
regions of the SC contained tracer (May et al., 2002). So the piMRF may project
preferentially to collicular regions containing the vertical meridian representation, while the
cMRF projects more caudally.

A number of studies have shown a projection from the intermediate layer of the SC to the
MRF (Harting, 1977; Huerta and Harting, 1982; Cohen and Biittner-Ennever, 1984; Chen
and May, 2000; Zhou et al., 2008). Based on intra-axonal staining, there is good evidence
that predorsal bundle axons carrying gaze-related activity provide collaterals that terminate
within the MRF before decussating beneath the oculomotor nucleus (Grantyn and Grantyn,
1982; Moschovakis and Karabelas, 1985; Moschovakis et al., 1988a&b). Inputs from
ipsilateral descending tectal pathways have been suggested in the goldfish (Luque et al.,
2007), but this projection has not been reported in monkeys (Moschovakis et al., 1988a).
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Thus, it seems likely that the MRF input labeled here is primarily from gaze-related neurons
in the intermediate SC layers.

The distribution of reticulospinal neurons within the caudal MRF (i.e., the cMRF) has also
been examined previously in primates (Castiglioni et al., 1978; Nudo and Masterton, 1988;
Robinson et al., 1994; Warren et al., 2008). Similarly, the distribution patterns of reticulo-
and interstitiospinal neurons shown here have been seen in the cat (Huerta and Harting,
1982; Zuk et al., 1983; Holstege, 1988; Spence and Saint-Cyr, 1988; Satoda et al., 2002) and
the monkey (Castiglioni et al., 1978). Like previous primate studies (Castiglioni et al., 1978;
Kokkoroyannis et al., 1996), we observed a predominantly ipsilateral distribution, but a
more bilateral distribution was observed in cat studies (Edwards, 1975). A bilateral
projection might be expected for vertical movements (Richmond et al., 1992; Corneil et al.,
2001). However, these areas also subserve torsion (Crawford et al., 1991; Helmchen et al.,
1996), and unilateral stimulation or loss of the InC and surrounding regions induces head tilt
(Isa and Sasaki, 2002), which probably explains their predominantly unilateral projection.

Qualitative observations indicate that reticuloreticular neurons labeled in MRF following
MdRF injections were more numerous than MRF reticulospinal cells (Compare Fig. 4 to
Warren et al., 2008), and they generally displayed more close associations with
tectoreticular terminals. This pattern of a meager direct projection to the cord, and a larger
indirect projection via medullary reticulospinal neurons, parallels that seen in the tectospinal
and tectoreticulospinal pathways (May and Porter, 1992), reinforcing the importance of the
MdRF for organizing head turns.

The Trans-MRF Pathway

A striking finding from the present study is that the trans-MRF tectoreticulospinal pathway
is predominantly ipsilateral (Fig. 13). Electrical stimulation of the SC produces a distinctive
pattern of EMG activity in neck muscles used for head turns (Corneil et al., 2002a&b).
Agonists for lateral head turns are activated, while the antagonists are inhibited, but
sometimes display activity towards the end of the stimulation period. This suggests the
direct, crossed tectoreticulospinal projection activates contralateral neck motoneurons that
supply agonist muscles, while the most likely effect of the trans-MRF pathway is to
inactivate neck motoneurons that supply ipsilateral antagonists (Richmond et al.,
1992;Corneil et al., 2001). Since many MRF neurons continue firing after the gaze target is
acquired (Waitzman et al., 1996) it is also possible that the trans-MRF pathway is
responsible for the activity observed in EMGs of antagonists towards the end of SC
stimulation, which may serve to brake the momentum of the head movement or stabilize the
head at a new position (Roucoux et al., 1989).

A major contribution of this study is the demonstration that reticuloreticular neurons within
the MRF are likely to receive input from the SC and project upon the MdRF (Fig. 13). The
rostral MdRF is believed to play an important role in gaze-related head movements.
Specifically, electrical stimulation of this region influences cervical motoneuron activity and
produces head turns (Peterson et al., 1978;Drew and Rossignol, 1990a&b;Cowie and
Robinson, 1994;Quessy and Freedman, 2004), while inactivation of this region affects head
turns (Suzuki et al., 1989). Anatomical studies demonstrate that the MdRF reticulospinal
population projects bilaterally (Mitani et al., 1988;Robinson et al., 1994). This bilateral
pattern presumably represents connections underlying vertical head movements or that
coordinate antagonist and agonist activity during horizontal head turns. While the medullary
injections made here were not confined to MdRF regions implicated in head movement
control, they certainly involved the medial rostral MdRF, where stimulation produces head
movement. In addition, our recent anterograde studies indicate cMRF projections are
confined to paramedian MdRF locations within the medulla (Zhou et al., 2006). Thus, it
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appears that the trans-MRF pathway through the MdRF may act to support the role of the
trans-MRF reticulospinal system, inhibiting antagonists and, in some cases activating
muscles that are needed to stabilize cervical joints (Richmond et al., 1992; Thomson et al.,
1996;Corneil et al., 2001), while those muscles activated by the direct tectoreticulospinal
pathways produce the desired movement.

Feedback and Feed Forward Systems in the Macaque

The present results may speak to differences in the cMRF feedback and feed forward
circuits. Observation of all our cases, revealed that labeled reticulotectal neurons clearly
outnumbered labeled reticulomedullary neurons in the cMRF (Fig. 4& Fig. 7). This suggests
that the feedback signal may be more central to cMRF function. In addition, previous studies
(Chen and May, 2000;Warren et al., 2008) and examination of the present material indicated
that the reticulotectal neurons consistently have more extensive tectoreticular terminal
associations than reticuloreticular neurons. While some of this difference may be an artifact
of the greater dendritic filling produced by BDA, it may also suggest that the feedback and
descending pathway neurons in the MRF process SC input differently, and have different
physiological signals. It is noteworthy then, that when Moschovakis and colleagues (1988b)
investigated midbrain long lead burst neurons, only reticulotectal neurons were stained in
the cMRF. It is also noteworthy that this head-related feed forward projection comes
primarily from the medial MRF. Recently, we found evidence suggesting that the medial
cMRF receives preferential input from tectospinal neurons (Zhou et al., 2008). Together
these results indicate that there may be specialization with respect to function along the
mediolateral axis of the MRF (Fig. 13). However, physiological studies only describe
dorsoventral differences with respect to saccade amplitude (Cohen et al., 1985), and no
obvious topography was observed for cells with head-related activity (Pathmanathan et al.,
2006b). So these points require further examination in head-free preparations where feed
forward and feedback units can be differentiated antidromically, in order to see how their
signals and location differ.
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ABBREVIATIONS

oculomotor nucleus
trochlear nucleus
abducens nucleus

Vil facial nucleus

Viin facial nerve

Xl hypoglossal nucleus

BDA biotinlyated dextran amine
BC brachium conjuntivum

cuneate nucleus

C1-3 cervical cord levels 1-2

CcC caudal central subdivision of 11l

cMRF central mesencephalic reticular formation
DR dorsal raphe

EWpg Edinger-Westhpal nucleus, preganglionic
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Figure 1.

Pattern of labeling in the MRF following a BDA injection in the left superior colliculus (SC)
(charting, upper right) and WGA-HRP injection in the left upper cervical spinal cord
(charting, lower right). A-D show the locations of BDA labeled tectoreticular terminals
(stipple), and BDA labeled reticulotectal neurons (dots), as well as WGA-HRP labeled
reticulospinal neurons (diamonds) in an rostrocaudal series of individual sections. Note the
medial location of the reticulospinal neurons. Each dot and diamond represents a single
neuron in individual sections lying approximately 600 pum apart in this and other chartings.
In this and other illustrations, the core of the injections site is drawn as black, and the outer
limits of the tracer spread are indicated as gray.
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Figure 2.

Examples of WGA-HRP labeled neurons and BDA labeled axons in the MRF from the case
shown in figure 1. Close associations between the boutons of BDA labeled tectoreticular
axons and cells in piMRF (A&B) and cMRF (C-F) are indicated by arrowheads.
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Figure 3.

Photomicrographs showing associations between WGA-HRP labeled neurons and BDA
labeled tectoreticular terminals within the piMRF (C, E) and cMRF (A,B,D,F&G). Panels
A-C show tectospinal neurons from cases like that illustrated in figure 1&figure 2. In A, a
brownish-black BDA labeled tectoreticular neuron (red arrow) and a golden-brown WGA-
HRP labeled reticulospinal neuron may be compared. A—C show examples of close
associations (arrowheads) between the somata (A&C) and dendrites (B) of WGA-HRP
labeled neurons and BDA labeled tectoreticular boutons (arrow heads). Panels E-G show
examples of reticuloreticular neurons labeled following WGA-HRP injections in MdRF. The
difference in color and location between the brownish-black, BDA labeled, reticulotectal
neurons (red arrows) and the golden-brown, WGA-HRP labeled, reticuloreticular neurons
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(black arrows) is evident in D. Close associations (arrowheads) are evident between the
boutons of black, BDA labeled tectoreticular axons and examples of WGA-HRP labeled
reticuloreticular neurons (E-G). Scale bar in D = 0.25 mm. in G = 20 um Scale in G = A-
C,E&F. Z axis planes for A&G=16, B&C=8, D=10, E&F=20.
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Figure 4.
Distribution of retrogradely labeled reticuloreticular cells (dots) within the MRF (A-F)
following an injection of WGA-HRP into the MdRF (G-1).
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Figure 5.
Chartings of the injections sites for BDA in the superior colliculus (A-D) and for WGA-
HRP in the medullary reticular formation (D—F) for the case illustrated in figure 6-figure 8.
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Figure 6.

Photomicrographs showing the appearance of the BDA injection site in the superior
colliculus (A) and the WGA-HRP injection site in the medullary reticular formation (B)
from the case illustrated in figure 5. Scale bar = 1.0 mm.
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Figure 7.

Distribution of tectoreticular terminals, reticulotectal neurons and reticuloreticular neurons
within the ipsilateral MRF following the injections illustrated in figure 5. Note the
overlapping distributions of BDA labeled tectoreticular terminals (stipple), BDA labeled
reticulotectal cells (black dots) and WGA-HRP labeled reticuloreticular cells (diamonds)
within the piMRF (A&B) and ctMRF (C-G).
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Figure 8.

Relationship between BDA labeled tectoreticular inputs and WGA-HRP labeled
reticuloreticular neurons in the piMRF (A) and cMRF (B). In both cases, close associations,
suggestive of synaptic contact, between the BDA labeled tectoreticular terminals and WGA-
HRP labeled reticuloreticular neurons were observed (arrowheads). Inserts on the left
indicate the locations of the illustrated cells.
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Figure 9.

Extent of a PhaL injection in the left superior colliculus (A—C) and WGA-HRP injection
into the left medullary reticular formation (C—E) for the case illustrated in figure 10&figure
11.
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Figure 10.

Distribution of tectoreticular terminals and reticuloreticular neurons within the MRF. The
overlapping distribution of PhaL labeled tectoreticular terminals (stipple) and WGA-HRP
labeled reticuloreticular cells (dots) is illustrated in sections through the piMRF (A&B) and
CMRF (C-G).
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Figure 11.

Examples of tectoreticular terminals and reticuloreticular neurons in the piMRF (A) and
cMRF (B). The PhaL labeled tectoreticular terminals display boutons which have close
associations (arrowheads) with both the somata and dendrites of WGA-HRP labeled
reticuloreticular neurons. Location of examples shown in inserts on left.

Anat Rec (Hoboken). Author manuscript; available in PMC 2010 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Perkins et al.

Page 29

A 3 B , e
; ¥ 2 ; f

‘,‘ -

c D .
A

E - :,' 2 t
&£ 4

.‘,14_ ) —_—

Figure 12.

Photomicrographs showing reticuloreticular neurons labeled following medullary injections
of WGA-HRP and tectoreticular axons labeled with PhalL in the piMRF (A&B) and cMRF
(C-F). The boutons of the PhalL labeled axons often lie in close association (arrowheads)
with the retrogradely labeled reticuloreticular neurons. Scale bar = 30 pm. Z axis planes for
A=11, B=7, C=11, D=19, E=10, F=9.
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Figure 13.
Circuit diagram showing the direct and trans-MRF pathways by which the SC gains access

to brainstem and spinal cord centers controlling head movements during a gaze change. The
circuit diagram shows the decussating predorsal bundle pathway (dashed line) in the context
of the MRF projections. Neurons in the medial part of the piMRF and cMRF provide a site
for the SC to directly modulate spinal cord activity (thin line) and indirectly control the
activity of cervical motoneurons via the MdRF (thick line). The cMRF also provides
feedback to the SC (dotted line).
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