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Abstract

Using intrachoroidal injection of the transneuronal retrograde tracer pseudorabies virus (PRV) in
rats, we previously localized preganglionic neurons in the superior salivatory nucleus (SSN) that
regulate choroidal blood flow (ChBF) via projections to the pterygopalatine ganglion (PPG). In
the present study, we used higher order transneuronal retrograde labeling following intrachoroidal
PRV injection to identify central neuronal cell groups involved in parasympathetic regulation of
ChBF via input to the SSN. These prominently included the hypothalamic paraventricular nucleus
(PVN) and the nucleus of the solitary tract (NTS), both of which are responsive to systemic BP,
and are involved in systemic sympathetic vasoconstriction. Conventional pathway tracing methods
were then used to determine if the PVN and/or NTS project directly to the choroidal subdivision
of the SSN. Following retrograde tracer injection into SSN (biotinylated dextran amine 3K or
Fluorogold), labeled perikarya were found in PVN and NTS. Injection of the anterograde tracer,
biotinylated dextran amine 10K (BDA10K) into PN or NTS resulted in densely packed
BDAZ10K+ terminals in prechoroidal SSN (as defined by its enrichment in nitric oxide synthase-
containing perikarya). Double-label studies showed these inputs ended directly on prechoroidal
nitric oxide synthase-containing neurons of SSN. Our study thus establishes that PVN and NTS
project directly to the part of SSN involved in parasympathetic vasodilatory control of the choroid
via the PPG. These results suggest that control of ChBF may be linked to systemic blood pressure
and central control of the systemic vasculature.
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1. INTRODUCTION

The choroid contains the blood supply to the outer retina. The choroid and blood vessels
supplying the choroid are innervated by parasympathetic, sympathetic and sensory nerve
fibers that adaptively regulate choroidal blood flow (ChBF) according to retinal need (Bill,
1984; Bill, 1985; Bill, 1991; Cuthbertson et al., 1996; Cuthbertson et al., 1997; Fitzgerald et
al., 1990a; Fitzgerald et al., 1990b; Fitzgerald et al., 1996; Guglielmone and Cantino, 1982;
Kirby et al., 1978; Stone et al., 1987). Such adaptive control may be important for
maintaining the health of retinal photoreceptors and maintaining normal visual function
(Fitzgerald et al., 1990a; Fitzgerald et al., 1990b; Fitzgerald et al., 2001; Hodos et al., 1998;
Potts, 1966; Reiner et al., 1983; Shih et al., 1993; Shih et al., 1994). The pterygopalatine
ganglion (PPG) is the major source of parasympathetic input to the choroid and orbital
vessels, and this input utilizes two vasodilators: vasoactive intestinal polypeptide (VIP) and
nitric oxide (NO) (Alm et al., 1995; Bill, 1984; Bill, 1985; Bill, 1991; Ruskell, 1971a; Stone,
1986; Stone et al., 1987; Uddman et al., 1980a; Yamamoto et al., 1993). These fibers also
appear to be cholinergic (Johansson and Lundberg, 1981; Lundberg et al., 1981; Lundberg et
al., 1982; Suzuki et al., 1990).

The PPG receives its preganglionic input from the superior salivatory nucleus (SSN) of the
hindbrain via the greater petrosal branch of the facial nerve (Contreras et al., 1980; Ng et al.,
1994; Nicholson and Severin, 1981; Schrddl et al., 2006; Spencer et al., 1990; Téth et al.,
1999). The SSN itself is located dorsolateral to the rostral part of the facial motor nucleus.
The SSN neurons, which are somewhat intermingled with noradrenergic neurons of the
more rostrally situated A5 cell group, are cholinergic. In rats, rabbits and humans, a subset
has been reported to contain nitric oxide synthase (NOS), as well (Cuthbertson et al., 2003;
Gai and Blessing, 1996; Zhu et al., 1996; Zhu et al., 1997). The SSN also provides
preganglionic input via the corda tympani nerve to the submandibular ganglion (Contreras et
al., 1980; Jansen et al., 1992; Ng et al., 1994; Nicholson and Severin, 1981), which sends
postganglionic fibers to the submandibular and sublingual glands, and thereby regulates
blood flow and salivary secretion within these glands (Izumi and Karita, 1994). The PPG, in
addition to its innervation of choroidal and orbital blood vessels, also innervates the
Meibomian glands, the lacrimal gland, the Harderian gland, blood vessels of the nasal
mucosa and palate, and cerebral blood vessels (LeDoux et al., 2001; Nakai et al., 1993,;
Ruskell, 1965; Ruskell, 1971b; Ten Tusscher et al., 1990; Uddman et al., 1980b; van der
Werf et al., 1996). Thus, functionally diverse types of preganglionic neurons are present
within the SSN.

The locations within the SSN of the preganglionic neurons controlling the salivary glands
(Téth et al., 1999), Meibomian glands (LeDoux et al., 2001), the lacrimal gland (Téth et al.,
1999) and the choroid (Cuthbertson et al., 2003) have been described. While these
functionally diverse populations have slightly differing distributions, overlap among them is
nonetheless present, especially for those innervating orbital structures. The present study
investigated the projection of two neuronal populations to prechoroidal SSN neurons, which
can be identified within the SSN partly by their location, and notably by their enrichment in
NOS (Cuthbertson et al., 2003). Using intrachoroidal injection of the transneuronal
retrograde tracer, the Bartha strain of pseudorabies virus (PRV), in adult rats, we observed
higher order labeling of many neurons in the paraventricular nucleus of the hypothalamus
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(PVN), and the nucleus of the solitary tract (NTS), among other regions. The PRV studies
could not, however, determine if these projections were direct or multisynaptic. The inputs
of PVN and NTS to prechoroidal SSN are of particular interest, as these two nuclei play
important roles in cardiovascular regulation. Consequently we confirmed the direct
projections of these two neuronal cell groups to the SSN by a combination of retrograde
pathway tracing with biotinylated dextran amine 3000kD MW (BDA3K) or Fluorogold
(FG), and anterograde pathway tracing with biotinylated dextran amine 10000kD MW
(BDAZ10K) in conjunction with the identification of prechoroidal SSN by NOS
immunolabeling.

2. RESULTS

2.1. Transneuronal retrograde tracer (PRV) injection into choroid

Using PRV labeling in brain after intrachoroidal PRV injection to delineate central pathways
controlling ChBF depends importantly on limiting the injection site to the choroid. We could
judge this was the case if the central neuronal labeling prominently included SSN, with
minimal or no labeling in facial, oculomotor or abducens motoneurons, or nucleus of
Edinger-Westphal preganglionic neurons. Minute (0.5ul) injections (rats RF8, RF11-08,
RF12-08) favored this outcome. Additionally, short survival times (<55 hours) that limited
collateral spread of virus (rat RF7) also favored restricting labeling to central choroidal
circuits. The PRV findings we report here are based on cases that met these criteria. In such
cases, prominent labeling was observed within a cluster of neurons in rostromedial SSN,
namely that controlling ChBF. The higher-order PRV+ neuronal labeling seen in these cases
included many additional structures, notably PVN, the lateral parabrachial nucleus (PBL),
the periaqueductal central gray (PAG), the raphe magnus of the pons, the A5 cell group, and
NTS. A full description of the higher order labeling in brain after intrachoroidal PRV
injection will be provided in a later publication. In the present study, we particularly focus
on PVN and NTS, because of their demonstrated role in peripheral cardiovascular regulation
(Badoer and Merolli, 1998; Ciriello, 1983; Godino et al., 2005; Krukoff et al., 1997; Rogers
et al., 1993; Spencer et al., 1990). The PRV+ neuron distributions within PVN, SSN, and
NTS are shown in Figure 1 for one rat that survived 69 hrs (R3-07). Labeled cells were
tightly clustered in SSN (Fig. 1B). Within PVN, PRV+ neurons were located in the
ipsilateral dorsolateral posterior PVN, with a few PRV+ neurons located contralaterally (Fig.
1A). Within NTS, PRV+ neurons were observed posteriorly and dorsally in ipsilateral NTS
(Fig. 1C&D). Although transneuronal retrograde pathway tracing with PRV identifies
circuits, it cannot establish if the connections among any members of the circuits are direct
or polysynaptic. We thus next carried out conventional pathway tracing studies to determine
if PVN and NTS project directly to choroidal SSN.

2.2. FG or BDA3K injection into SSN

To determine if PVN and NTS project directly to the region of SSN containing the
choroidal-control preganglionic neurons, we injected either the retrograde tracer FG or the
retrograde tracer BDA3K into SSN, either by iontophoresis or pressure injection with
microsyringe. The animals with such injections are listed in Table 1.

2.2.1. FG pressure injection into SSN—Six rats received FG into SSN by pressure
injection. The injection sites for these six cases are illustrated in Figure 2. In five of these
cases (RBPH37, RBPH38, RBPH39, RBPHA41, and RBPH42), the FG injection sites were
largely or entirely centered on SSN. In all five, numerous FG+ neurons were found in PVN
and NTS. Images of the injection site (Fig. 3A), and the FG labeling within PVN (Fig.
3B&C) and NTS (Fig. 3D-F) for one representative case (RBPH41) are shown in Figure 3.
The injection site includes the choroidal SSN, with spread to the principal and spinal
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trigeminal nuclei, facial motor nucleus, facial nerve, and inferior salivatory nucleus (ISN).
In this and the other four cases with FG injection into SSN, FG+ neurons were observed in
PVN on both sides, with more ipsilaterally (Fig. 3B&C). Within ipsilateral PVN, the labeled
neurons were most common posteriorly and dorsally. FG+ neurons were also found
bilaterally within the NTS in the five cases with FG injection into SSN, with an ipsilateral
predominance as well (Fig. 3D-F). The labeled neurons were particularly abundant in
ipsilateral NTS at or just rostral to the obex. It is important to note that these SSN injections
also retrogradely labeled neurons in other regions containing PRV+ neurons after
intrachoroidal injection, but we will not detail these here due to our focus on PVN and NTS.
In one case (RBPH40) that served as a control, the FG injection was rostrolateral to SSN and
included the nucleus subcoeruleus, motor trigeminal nucleus, the principal trigeminal
nucleus, and the spinal trigeminal nucleus. No FG+ neurons were observed in PVN or NTS
in this case. Thus, neither PVN nor NTS project to the nucleus subcoeruleus, motor
trigeminal nucleus, the principal trigeminal nucleus, or the spinal trigeminal nucleus, and the
FG spread to them in RBPH37, RBPH38, RBPH39, RBPH41, and RBPH42 does not
account for the FG+ neurons in PVN and NTS in these cases.

2.2.2. BDA3K pressure injection into SSN—Fluorogold is a very avid retrograde
tracer, and even seemingly well-confined injections may yield retrograde labeling due to
spread to nuclei adjacent to the region of interest. This problem is especially acute for a
complex brain region such as the level of the SSN. Therefore, we carried out a series of
studies using a less avid retrograde tracer, namely BDA3K. Five rats received BDA3k
pressure injections targeting SSN, while eight received BDA3K targeting SSN by
iontophoresis to make small confined injections (Table 1). In two of the five rats with
BDAZ3K pressure injection targeting SSN (RBP64 and RBP65), the injection site included
central SSN, with slight spread to the sensory trigeminal nuclei (principle trigeminal nucleus
and spinal trigeminal nucleus) and facial motor nucleus. The results were as observed
following FG injection into SSN - retrogradely labeled BDA3K+ neurons were observed in
the dorsal and lateral parvocellular divisions of ipsilateral PVN, and in ipsilateral NTS at
and just rostral to the obex. By contrast, after a more lateral injection site including lateral
SSN, sensory trigeminal nuclei and facial motor nucleus (RBP60), only a few BDA3K+
neurons were found in ipsilateral NTS and none in PVN. In cases in which the BDA3K
pressure injection site included the spinal trigeminal nucleus but not SSN (RBP56 and
RBP63), no BDA3K+ neurons were found in PVN and NTS. Thus, the pressure injection
BDAZ3K cases indicate that PN and NTS project to choroidal SSN, but not to the spinal
trigeminal nuclei. Also the BDA3K spread to principle trigeminal nucleus as seen in RBP60
did not appear to contribute to the labeled neurons found in ipsilateral NTS, as FG spread to
this region did not demonstrate labeled neurons in NTS (RBPH40).

2.2.3. BDA3K iontophoretic injection into SSN—In four of the rats with small
iontophoretic injections (RBP46, RBP47, RBP53 and RBP55), the BDA3K injection site
included SSN, with no or minor spread to the sensory trigeminal nuclei (Table 1). The one
case with an injection confined to SSN (RBP46) yielded BDA3K+ neurons in ipsilateral
posterior, dorsal and lateral PVN, and in NTS at or just rostral to the obex. In the other three
cases, BDA3K+ neurons were consistently observed in ipsilateral NTS, but only one of three
had BDA3K+ neurons in PVN (RBP47). These results suggest that the NTS input to
choroidal SSN is more substantial than the PVN input. In four other rats with iontophoretic
injection (RBP40, RBP42, RBP43 and RBP45), the BDA injection site missed SSN, and
instead included the spinal trigeminal nucleus, facial nerve root, and/or intermediate
reticular nucleus (IRt). No BDA3K+ cells were observed in PVN in any of these four cases
(Table 1). These SSN-miss cases therefore show that retrogradely labeled neurons in PVN in
our SSN cases did not occur due to iontophoretic injection spread to the spinal trigeminal
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nucleus or IRt. For NTS, a few BDA3K+ neurons were found in ipsilateral NTS in one rat
(RBP45), possibly due to injection site spread to IRt, but not in the other three control cases.
The overall data from our FG and BDA3K retrograde labeling studies are consistent with the
notion that PVN and NTS neurons project directly to SSN.

2.3. Anterograde BDA10K labeling of PVN input to prechoroidal SSN

Our BDA3Kk retrograde labeling studies could not, by themselves, however, establish that the
PVN and NTS projections to SSN terminate directly on the choroidal-control preganglionic
neurons of SSN. To establish this, we used anterograde BDA10K labeling from PVN or
NTS, either by pressure injection or iontophoresis. The PVN data are presented in this
section (Table 2), and the NTS (Table 3) in the next.

2.3.1. BDA1OK iontophoretic injection into PVN—Thirteen rats received
iontophoresis of BDA10K into PVN (Table 2). The injection sites for twelve rats are
illustrated in Figure 4A-D. The injection site of RBP27 is not illustrated as it is nearly the
same as the injection sites for RBP29 and RBP30 (Table 2). Two cases (RBP39 and RBP38)
exhibited relatively clean hits of entire the anterior to posterior medial PVN (Table 2). In
both cases, many anterogradely labeled terminals were observed within SSN on both sides,
with more fibers ipsilaterally. These terminals appeared to cluster in the region of the
prechoroidal SSN. Images from RBP39 are presented in Figure 5, including the injection site
(Fig. 5A). To better establish the relationship of the BDA10K+ terminals to the SSN
neurons controlling the choroid, pairs of adjacent sections were ABC-labeled for BDA10K
and immunolabeled for NOS (Fig. 5C&D), the latter of which we previously showed is
enriched in the prechoroidal SSN neurons (Cuthbertson et al., 2003). We found that the
location of the PVN afferents (Fig. 5D) and the location of the NOS+ neurons in SSN (Fig.
5B&C) were largely coincident. To further confirm this overlap, we double-labeled sections
through SSN using two-color DAB, so that we could observe the relationship of the PVN
afferent fibers to the NOS+ prechoroidal SSN neurons. We observed that black BDA10K+
afferents from PVN were distributed among the brown NOS+ neurons of SSN (Fig. 5E&F).
In some instances, the PVN afferents were observed to be juxtaposed to NOS+ perikarya or
dendrites within SSN (Fig. 5F).

Although the injection site following iontophoresis (diameter < 1mm) was very small,
BDA10K spread to areas adjacent to PVN could not be avoided (Table 2). The spillover
areas observed in RBP39 involved the medial preoptic nucleus (MPO) and the small area
medial to anterior hypothalamus (AH). The injection site spread outside of PVN observed in
RBP38 included nucleus reuniens (Re) and zona incerta (ZI). Eleven rats with BDA10K
injected by iontophoresis into cell groups surrounding, but not including, PVN served as
controls (Fig. 4A-D and Table 2). In none of these control rats were BDA10K+ fibers found
in SSN. The injection sites in some rats (RBP26, RBP27, RBP28, RBP32, RBP33 and
RBP36) included structures ventral to PVN such as lateral hypothalamus (LH), AH, MPO,
and suprachiasmatic nucleus (SCN), and in other rats (RBP29 and RBP30) structures rostral
to PVN such as MPO and AH. The absence of BDA10K fibers in SSN from these cases
supported the notion that the terminals observed in RBP39 were from PVN, but not from
MPO or AH or their vicinity. In yet additional rats (RBP31 and RBP34), the BDA10K
injection site involved structures dorsal to PVN such as Re and dorsomedial hypothalamus
(DH), and in one rat (RBP35) structures lateral to PVN such as ZI and ventromedial
thalamus (VM). The absence of BDA10K fibers in SSN from these cases supported the
notion that the terminals observed in RBP38 were from PVN, but not from Re or ZI or their
vicinity.
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2.3.2. BDA1OK pressure injection into PVN—Initially, we also tried pressure
injection of BDA10K (0.1-0.2 pl) into PVN on twelve rats. The results were consistent with
the findings from iontophoretic injection presented in the preceding section. The pressure
injection with microsyringe yielded a larger injection site (diameter > 3 mm), and
consequently more spillover outside PVN (Table 2). In the case of RBP25, the injection site
was located mainly in right PVN with spillover ventrally (Fig. 4E). Many anterogradely
labeled fibers were observed within SSN bilaterally, with more intensely labeled fibers
found in the ipsilateral SSN (right side). Five other rats (RBP10, RBP17, RBP22, RBP23,
and RBP24) were considered as partially successful cases, since the injection site, while not
centered on right PVN, did include it. Anterogradely labeled fibers were more common in
SSN ipsilaterally for three of these cases, RBP10, RBP22 and RBP23, than in RBP17 and
RBP24. In RBP10 (Fig. 4E), the BDA10K injection site included a very small part of
dorsolateral PVN, while the major injection site was in medial thalamus. In RBP23, the
injection site was more anterior (Fig. 4D), and similar injections sites were observed in
RBP22 and RBP17. Six cases with pressure injection of BDA10K served as control cases
(RBP6, RBP13, RBP16, RBP18, RBP19, and RBP20), in which the injection sites did not
include PVN. No anterograde labeling was seen in SSN in any of these cases (Table 2).
These six control cases were valuable as they suggested that the areas surrounding PVVN do
not project directly to SSN. These control results were consistent with the iontophoretic
findings, yet more informative, as the injection sites were bigger.

In summary, the findings from our anterograde pathway tracing study with BDA10K
injection into PVN, either by iontophoresis or pressure injection, strongly supported the
notion that PVN neurons, especially those located dorsolaterally and posteriorly, project
directly to prechoroidal SSN neurons.

2.4. Anterograde BDA10OK labeling of NTS input to prechoroidal SSN

Ten rats received iontophoretic injections of BDA1OK targeting NTS, while two received
pressure injections targeting NTS. These are discussed separately below (Table 3).

2.4.1. BDA1OK iontophoretic injection into NTS—The injection sites for the
iontophoretic cases are illustrated in Figure 6A-D. In two of these rats, the injections were
confined to the right NTS, with small spillover to dorsal IRt (RBP95 and RBP94). In both,
anterogradely labeled fibers were observed in the ipsilateral SSN and within the region
dorsal to the SSN. To establish the relationship of the terminals within SSN to SSN neurons
controlling the choroid, we used immunofluorescence double-labeling to simultaneously
visualize both the BDA10K+ NTS input and NOS+ prechoroidal SSN neurons in the same
sections from the two cases with the BDA10K injection largely confined to NTS (Fig.
6A&B). In Figure 7, images from RBP95 are presented, including the injection site and the
confocal laser scanning microscope (CLSM) images of the double-labeling. The CLSM
images confirmed the co-mingling of the NTS afferents and NOS+ neurons within the SSN
(Fig. 7B-D). Moreover, in many instances BDA10K+ terminals were observed immediately
adjacent to the NOS+ soma and dendrites of SSN neurons (Fig. 7D). The BDA10K+
terminals were unlikely to come from the spillover into dorsal IRt, since in our PRV
transneuronal labeling studies we did not observed PRV+ neurons in dorsal IRt (Fig. 1).

Based on iontophoretic BDA10K injections into different parts of NTS, our results suggest
that input to prechoroidal SSN appears to arise from lateral NTS at and rostral to the obex.
For example in two cases (RBP91 & RBP92), the injection sites were confined to medial
NTS at the obex. Anterogradely labeled fibers were not found in SSN in either case. By
contrast, when the BDA10K injection site included lateral NTS at the obex level, as in
RBP94 and RBP95 (noted above) and RBP83, anterogradely labeled fibers were abundant in

Brain Res. Author manuscript; available in PMC 2011 October 28.



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

1duasnuey Joyiny vd-HIN

Lietal.

Page 7

prechoroidal SSN ipsilaterally. In five other rats (RBP72, RBP81, RBP88, RBP89 and
RBP90), the iontophoretic injections did not include NTS but did include neuronal groups
around NTS (Table 3). No anterogradely labeled fibers were found in SSN in any of these
five cases.

2.4.2. BDA1OK pressure injection into NTS—Two rats received BDA10K pressure
injections via microsyringe targeting NTS. The injection in one case (RBP75) was centered
on NTS, and in the second (RBP77) included lateral NTS. Both RBP75 and RBP77
possessed densely packed fine BDA10K+ fibers in SSN and its surrounding area, including
A5, ISN, PBL, the vestibular nucleus, and the principal trigeminal nucleus. Scattered thick
labeled fibers were also seen among the fine BDA10K+ fibers. These results are consistent
with our iontophoretic studies.

In summary, our anterograde labeling studies with BDA10K injection into NTS either by
iontophoresis or pressure strongly support the notion that NTS neurons, especially those
located dorsolaterally at or rostral to obex, project directly and heavily to prechoroidal SSN
neurons.

3. DISCUSSION

The ventral part of the SSN contains the preganglionic neurons projecting to the PPG via the
greater petrosal nerve (Contreras et al., 1980; Jansen et al., 1992; Ng et al., 1994; Nicholson
and Severin, 1981; Spencer et al., 1990; T6th et al., 1999). The PPG itself, however,
innervates diverse cranial targets, including the lacrimal gland, the Meibomian glands, the
orbital conjunctiva, choroidal blood vessels, the cerebral vasculature, and the nasal and
palatal mucosa (Nakai et al., 1993; Ruskell, 1965; Ruskell, 1971b; Schradl et al., 2006; Ten
Tusscher et al., 1990; Uddman et al., 1980b; van der Werf et al., 1996). Prior studies using
PRV injected into different peripheral PPG targets have suggested that the SSN populations
responsible for innervation of the different PPG targets show overlapping, but somewhat
segregated, distributions. For example, SSN neurons controlling lacrimal gland are centered
slightly caudal to those responsible for Meibomian gland control (LeDoux et al., 2001; Téth
etal., 1999). A prior study of ours (Cuthbertson et al., 2003) indicated that preganglionic
neurons controlling PPG choroidal neurons in rat reside within ventromedial SSN, and that
NOS is a marker for prechoroidal SSN neurons. The possibility remains, nonetheless, that
choroidal preganglionic SSN neurons may control more than one of the target structures of
the PPG. For example, given the similar metabolic and regulatory needs of the brain and eye
(Bill, 1984; Bill, 1985), the same SSN neurons may mediate vasodilation of brain and
choroidal vessels.

Prior studies have shown that the PPG neurons innervating the choroid contain NOS, VIP
and choline acetyltransferase (ChAT) (Cuthbertson et al., 2003; Stone et al., 1987;
Yamamoto et al., 1993). The same PPG neurons innervating the choroid or additional PPG
neurons may innervate orbital vessels feeding into the choroid and thereby exert a further
influence on ChBF (Stone et al., 1987). The presence of prechoroidal neurons in the SSN is
consistent with prior studies showing that facial nerve or SSN activation yields choroidal
vasodilation, which appears to be mediated mainly by NOS and VIP released from PPG
terminals in the choroid (Bill and Sperber, 1990; Steinle et al., 2000). It is important to note
that, in addition to the parasympathetic vasodilatory influence on the choroid mediated by
the PPG, the choroid also is regulated by vasodilatory sensory fibers from the ophthalmic
nerve and vasoconstrictory sympathetic fibers from the superior cervical ganglion (Bill,
1984; Bill, 1985; Bill, 1991; Guglielmone and Cantino, 1982; Kirby et al., 1978; Stone et
al., 1987).
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The higher order labeling obtained here with PRV provides insight into the central circuitry
and mechanisms underlying control of ChBF. In particular, higher order labeling was
observed in dorsolateral posterior PVN and in caudolateral NTS at the level of the obex in
cases with PRV injections well confined to the choroid. Consistent with our findings,
Spencer et al. observed PRV+ neurons in PVN and NTS after direct injection of virus into
the PPG (Spencer et al., 1990). The higher order labeling in NTS and PVN following short
survival was of interest, since it suggested both project directly to choroidal neurons of SSN.
Prior studies have, in fact, shown that the P\VN and NTS are sources of input to the SSN
(Agassandian et al., 2002; Hosoya et al., 1984; Hosoya et al., 1990). We confirmed that the
subdivisions of the PVN and NTS containing PRV+ neurons after intrachoroidal PRV
injections could be retrogradely labeled from SSN by Fluorogold and BDA3K. Thus, the
dorsolateral caudal PVVN and the caudolateral dorsal NTS at the level of the obex project to
the SSN region that contains the choroidal preganglionic neurons. Given that SSN neurons
possess glutamate receptors, and SSN has been shown to receive central glutamatergic
inputs, it is likely the PVN and NTS inputs are excitatory (Lin et al., 2003).

The PVN region of the diencephalon is known to be responsive to systemic blood pressure
(BP) changes, and may exert a vasodilatory influence on cerebral blood flow (Badoer and
Merolli, 1998; Godino et al., 2005; Guyenet, 2006; Krukoff et al., 1997; Spencer et al.,
1990). The caudolateral part of the NTS projecting to the SSN is known to receive aortic
baroreceptor input via the vagus nerve and respond to systemic BP fluctuation (Ciriello,
1983; Guyenet, 2006; Rogers et al., 1993). The NTS also exerts a vasodilatory influence on
cerebral blood flow (Agassandian et al., 2003; Nakai and Ogino, 1984). Additionally, the
NTS projects directly and polysynaptically via the PBL to the PVN (Calarescu et al., 1984;
Goldstein and Kopin, 1990). We have observed that activation of the PBL, NTS or the PVN
increases ChBF in the ipsilateral eye (Fitzgerald et al., 2010). Since the present results show
that both the PVN and the NTS project to the choroidal subdivision of SSN, it is likely that
the ChBF increase occurring with their activation is in large part mediated by their input to
SSN prechoroidal neurons. Given the apparent role of the PVN and the NTS in mediating
peripheral vascular responses to fluctuations in systemic BP, this suggests the possibility
that these inputs might regulate ChBF, in part, as a function of systemic BP. Prior studies
have in fact shown that ChBF does compensate for fluctuations in systemic BP, and remain
stable over a range of 35% above and below basal BP in rats, rabbits and pigeons (Kiel and
Shepherd, 1992; Reiner et al., 2003; Reiner et al., 2010).

The similarities in systemic and ocular blood flow control circuitries reinforce the possibility
that control of the two operates in parallel — with the systemic sympathetic control serving to
restore BP in the face of any episodic declines in BP, and the parasympathetic control of
ChBF serving to maintain high ChBF during bouts of low systemic BP. Consistent with the
protective role that such parasympathetic ocular vascular control might play, severing PPG
input to the cerebral vasculature intensifies the cerebral damage occurring with an ischemic
event (Kano et al., 1991; Koketsu et al., 1992). Further studies are needed to determine if
some of the same PVN and NTS neurons are involved in regulation of both cerebral blood
flow and ChBF.

4. EXPERIMENTAL PROCEDURE

4.1. Subjects and approaches

Sixty-six adult male Sprague-Dawley rats (SD rats; 300g-500g; from Harlan, Indianapolis,
IN) were used (10 for PRV into choroid, 13 for BDA3K into SSN, 6 for Fluorogold into
SSN, 25 for BDA10K into PVN, and 12 for BDA10K into NTS). All experiments were
undertaken in compliance with the ARVO statement on the Use of Animals in Ophthalmic
and Vision Research, and with NIH and institutional guidelines. This study focused on the
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projections of the PN and NTS to the choroidal control neurons of SSN, using a two-step
approach. In the first step, the participation of PVN and NTS in circuitry projecting to
prechoroidal SSN was established by injections of the transneuronal retrograde tracer PRV
into choroid. In the second step, we assessed whether PVN and NTS project directly to
prechoroidal SSN neurons, using conventional retrograde and anterograde pathway tracing
methods. In the retrograde tracer studies, BDA3K or FG was injected unilaterally into SSN
to determine if PVN and NTS were among the nuclei projecting directly to SSN. The
anterograde tracing studies involved injection of BDA10K into PVN or NTS, and
examination of prechoroidal SSN for the presence of resulting anterogradely labeled
BDA10K+ fibers in SSN in general and upon NOS+prechoroidal SSN neurons, in particular.

4.2. Pseudorabies virus transneuronal retrograde pathway tracing

To identify SSN neurons involved in the control of ChBF, a retrograde transneuronal tracer,
the Bartha strain of pseudorabies virus (PRV), was injected into the right choroid. Viruses
such as PRV are valuable for delineating central circuits since, unlike a conventional
retrograde tracer, they are transported transneuronally (i.e. across synapses), and provide
robust labeling in recipient neurons due to virus replication (LeDoux et al., 2001). PRV
injections were performed with a Hamilton syringe with a 30-gauge needle, and rats
receiving intrachoroidal injection of PRV had received prior bilateral resections of the
superior cervical ganglia (SCG) to prevent retrograde transneuronal labeling along
sympathetic circuitry (LeDoux et al., 2001). Since PRV does not typically show
transganglionic transport via sensory ganglia (Jansen et al., 1992; LeDoux et al., 2001;
Rotto-Percelay et al., 1992), there was no reason to transect the ophthalamic nerve to
prevent transport of PRV to the brain via trigeminal circuitry. For the intrachoroidal
injections, rats were anesthetized with an intraperitoneal injection of 0.1ml/100g of a
ketamine/xylazine mixture (87/13 mg/kg), and the right superior-temporal choroid was
injected with 0.5-2.0 ul of PRV (3x108 plague forming units/ml or 1.1x10° plague forming
units/ml), as described previously (Cuthbertson et al., 2003). The animals were allowed to
survive between 52 and 87.5 hours after virus injection. Brains from these rats were fixed by
transcardial perfusion and the PRV was detected by immunolabeling. Figure 1 presents one
illustrative case (R3-07, with a survival of 69 hrs) from the 10 rats that received
intrachoroidal PRV. Schematics adapted from Paxinos and Watson (Paxinos and Watson,
1994) were used. Some of these rats had been used to detect prechoroidal SSN neurons in a
prior study (Cuthbertson et al., 2003).

One concern associated with this method is the extent of tracer spread beyond choroid after
injection with microsyringe. It is very difficult to detect PRV itself within the choroidal
injection site as the virus is taken up, and the virus at the injection site as a result
undetectable after a few days of survival. Confinement of the injection site to choroid is
revealed by the pattern of labeling within the brain, since spread to extraocular or periorbital
facial muscles is revealed by labeling within brain in oculomotor, trochlear, abducens or
facial motoneurons, while intravitreal spread is revealed by labeling in the nucleus of
Edinger-Westphal of the oculomotor complex. Additionally, in a prior study we injected
Fluorogold into choroid to label PPG neurons (Cuthbertson et al., 2003), and found that the
intrachoroidal injections were largely restricted to the choroid. Any slight leakage into the
musculature surrounding the temporal side of the eye did not yield labeling of motoneurons
in brain, nor did spread to the Harderian gland occur and cause Fluorogold labeling in the
PPG. Therefore, intrachoroidal PRV injections could be carried out without undetected
confounding spread beyond the choroid.
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4.3. Retrograde tracer injection into SSN

Fluorogold (FG, 10%, 0.03ul-0.05ul) was delivered into SSN by microsyringe in six rats
(RBPH37-RBPH42). Pressure injections were performed using a 0.5ul syringe with 25-
gauge needle (Hamilton, #86250). Rats were anesthetized by ketamine/xylazine, with
supplemental doses during surgery to maintain anesthesia (as monitored by whisker
movement). Body temperature was maintained at 37 C and the rats were positioned in a
stereotaxic device. Based on the rat brain stereotaxic atlas of Paxinos and Watson (Paxinos
and Watson, 1994), the target coordinates of right SSN were 10.6 mm behind Bregma, 2.2
mm lateral to the midline, and 7.6 mm to 8.0 mm below the brain surface. Two injections of
tracer separated by 0.2 mm (DV) were made in SSN via pressure to increase the chance of
hitting target area. The animals with FG injections were allowed to survive 5-7 days.

We also used BDA3K to make more confined injections into SSN by pressure or
iontophoresis. A solution of 10% BDA3K (Molecular Probes, BDA3000kD MW) was
prepared with 0.1M sodium-citrate-HCI buffer (pH3). Injection of 0.06-0.1ul 10% BDA3K
was made into the right SSN in five rats using the same pressure injection procedure as for
Fluorogold. Eight additional rats received iontophoretic injections of BDA3K into the right
SSN. Micropipettes for iontophoresis were pulled from glass tubing (World Precision
Instrument, 1B150F-4) with a PE-2 microelectrode puller (Narashige), and micropipettes
with a tip diameter of 50-100um used for iontophoresis. Micropipettes were filled with 7-8
ul 10% BDAS3K, and a platinum wire inserted. A Grass stimulator (Model S88) was used to
deliver constant current pulses (+ current, 7s on, 7s off, 5pA, 20-60 min) via a stimulation
isolation unit (Grass Instrument, PSIU-6) (Reiner et al., 2000). The animals with BDA3K
injections were allowed to survive 10-14 days.

4.4. Anterograde tracer injection into PVN

Twelve rats received pressure injections of 0.1-0.2 pul of 5% BDAL10K (Molecular Probes,
BDA10,000 kD MW) diluted with 0.1M sodium phosphate buffer into the right PVN via a
0.5ul syringe with 25-gauge needle. Since the injection sites made by microsyringe pressure
injection invariably spread beyond PVN, thirteen additional SD rats received smaller
injections of 5% BDA10K into the right PVN via iontophoresis (+ current, 7 s on, 7 s off, 5
pA, 10-30 min). Stereotaxic methods were as noted above. The target coordinates for PVN
were - 1.9 mm caudal to the Bregma, - 0.4 mm lateral to the midline, and - 7.3 mm to 7.6
mm from the brain surface (Paxinos and Watson, 1994). BDA10K was then injected at two
sites separated by 0.1 — 0.2 mm dorsoventrally for both the pressure and iontophoretic
injections. The animals with BDA10K injections in PVN were allowed to survive 10 to 14
days.

4.5. Anterograde tracer injection into NTS

Two rats received pressure injection of 0.06 ul of 5% BDA10K in 0.1 M sodium phosphate
buffer into the right NTS via a 0.5 ul microsyringe with 25-gauge needle. Nine additional
rats received iontophoretic injections of 15% BDAL10K in 0.01 M sodium phosphate buffer
into the right NTS via a micropipette with a 20-50 um tip diameter. The rats were
anesthetized, placed in a stereotaxic device and the body temperature maintained at 37°C as
described above. The coordinates for NTS (Paxinos and Watson, 1994) were - 13.6 mm
behind Bregma, -1.1 lateral to Bregma, and 5.1-5.9 below the brain surface. Animals with
BDA10K injection into NTS were allowed to survive 7 to 11 days.

4.6. Histological tissue preparation

As described previously (Cuthbertson et al., 2003), rats were anesthetized, and perfused
transcardially with sodium phosphate buffered saline and 400 =500 ml 4%
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paraformaldehyde prepared in 0.1M sodium phosphate buffer (pH7.4) with 0.1M lysine and
0.01M sodium periodate (PLP fixative). Brains were removed and cryoprotected at 4°C in
20% sucrose / 10% glycerol / 0.138% sodium azide in 0.1M sodium phosphate buffer.
Brains were then frozen, and coronal sections cut at 40 um with a sliding microtome. The
free-floating sections were stored at 4°C in a 0.02% sodium azide / 0.02% imidazole in 0.1
M PB until processed for detection of PRV, FG, BDA3K, or BDA10K, as described below.

4.7. Single-label immunohistochemistry

Immunohistochemical single-labeling was carried out as described previously to detect the
PRV and FG tracers, or the NOS+ neurons within SSN (Cuthbertson et al., 2003; LeDoux et
al., 2001). For PRV detection, the primary antibody was a highly sensitive and specific goat
anti-PRV (LeDoux et al., 2001; Cuthbertson et al., 2003), diluted 1:15,000-1:100,000 with
0.1 M phosphate buffer / 0.3% Triton X-100 / 0.001% sodium azide (PB/Tx/Az) + 5%
normal horse serum. The anti-PRV antibody specificity was demonstrated by viral
immunostaining in culture and in virus-infected brain. In the case of in vitro tests of
specificity, PRV was incubated with PK15 (porcine kidney) cells at 4°C for 1 hour, to
produce monolayer cultures of PRV-infected PK15 cells. The cultures were subsequently
washed 3 times with PBS and fixed in 2% paraformaldehyde. A 1:10,000 dilution of
antibody followed by 1:10,000 dilution of fluorescein isothiocyanate (FITC) anti-goat
antibody resulted in strong staining of virus particles on the cell surface. For in vivo tests of
antibody specificity, brain tissue from normal uninfected rats or from rats with
intrachoroidal or intra-Meibomian gland injection of PRV >60 hours previously was used.
Robust staining of virus-infected neurons with post-immunization goat anti-PRV antiserum
was observed at concentrations ranging from 1:10,000 to 1:100,000. Uninfected brains did
not stain with the anti-PRV antibody at these concentrations (LeDoux et al., 2001;
Cuthbertson et al., 2003). Moreover, no immunostaining was observed in virus-infected
brain tissue treated with pre-immune serum.

For FG detection, the primary antibody was rabbit anti-FG (from Fluorochrome, LLC),
diluted at 1:2000 with the same diluent). This antibody has been widely used for detecting
FG (Hayward and VVon Reitzenstein, 2002; Kingsbury et al., 2005), and it produces no
labeling in brains that have not been injected with Fluorogold.

For NOS, a rabbit anti-NOS1 (neuronal NOS, R-20, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), diluted 1:2000 to 1:4000 with the same diluent, was used. The antibody
specificity has been verified by Western blot analysis by the manufacturer, and the
distribution of perikaryal NOS staining it produces in rodents matches the known
distribution of NOS+ perikarya in rodent brain as seen in the Allen Brain Atlas
(http://mouse.brain-map.org/welcome.do).

Our immunolabeling procedures have been described in detail elsewhere (Reiner et al.,
1991; Cuthbertson et al., 2003). In brief, sections were incubated in primary antibody
overnight at room temperature. Sections for PRV detection were beforehand pretreated with
0.5% H,05 to quench endogeneous peroxidases, followed by 1% nonfat dry milk to reduce
non-specific background. After primary antibody incubation, sections were rinsed and
incubated in donkey antiserum against goat IgG in the case of PRV visualization, or donkey
antiserum directed against rabbit 1gG in the case of FG or neuronal NOS detection. The
sections were subsequently rinsed and incubated in goat peroxidase-antiperoxidase (Gt PAP,
diluted at 1:1000 with PB/Tx; goat PAP from Jackson ImmunoResearch Laboratories) or
rabbit peroxidase-antiperoxidase (Rb PAP, diluted at 1:1000; rabbit PAP from Jackson
ImmunoResearch Laboratories). The labeling was visualized using diaminobenzidine
tetrahydrochloride (DAB) in a 0.05M sodium cacodylate - 0.05M imidizole buffer (pH 7.2—
7.4). The sections were then rinsed, mounted air-dried, dehydrated and coverslipped with

Brain Res. Author manuscript; available in PMC 2011 October 28.


http://mouse.brain-map.org/welcome.do

1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Lietal. Page 12

Permount® (Fisher Scientific, Pittsburgh, PA). The sections were examined with an
Olympus BHS microscope with standard transmitted light or differential interference
contrast optics.

4.8. ABC procedure to visualize BDA

Sections were rinsed, followed by pretreatment with 0.5% H,0O, and 0.3% Triton X-100 PB
(PB/TX) (Reiner et al., 2000). The sections were then rinsed and incubated in ABC solution
preparing with the Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA).
BDA3K or BDA10K was visualized as a black reaction product using nickel intensification
of the chromagen, DAB (Sigma). The sections were then rinsed, mounted, air-dried,
dehydrated, coverslipped, and examined with an Olympus BHS microscope.

4.9. Two-color DAB double-label immunohistochemistry

Our previous studies showed that prechoroidal SSN neurons largely correspond to NOS+
neurons of the SSN (Cuthbertson et al., 2003). This information was used to judge the
location of BDA10K+ fibers from the PVN or NTS in relation to prechoroidal SSN neurons.
Immunohistochemical two-color DAB double-labeling was used to visualize both the PVN
or NTS inputs, and the NOS+ prechoroidal neurons of SSN. For these double-label studies,
brain sections from rats with BDA10K injection into PVN or NTS were first labeled black
by the ABC procedure using nickel-intensified DAB as described above. The tissue was
then rinsed extensively, and incubated overnight in rabbit anti-NOS1 (neuronal NOS).
Tissue was then sequentially incubated at room temperature for 1 hr in a donkey anti-rabbit
secondary antibody and rabbit PAP. The NOS immunolabeling was visualized with a brown
DAB procedure. The sections were subsequently mounted, air-dried, dehydrated, and
coverslipped. They were examined with a BHS Olympus microscope.

4.10. Fluorescent double-label immunohistochemistry

We also used immunofluorescence double labeling to visualize the relationship of BDA10K
+ fibers originating from NTS to NOS+ prechoroidal SSN neurons. The sections were rinsed
and incubated in rabbit anti-NOS1 (1:800) overnight. After rinsing, the tissue was incubated
in donkey anti rabbit Alexa 488 (1:100; Molecular Probes) and streptavidin Alexa 594
(1:100; Molecular Probes) for 3 hrs. The sections were then mounted on gelatin-coated
slides, air-dried, and coverslipped in glycerol phosphate buffer (9:1). Sections were viewed
and images captured using a Nikon C1 confocal laser-scanning microscope. Single image
planes as well as Z-stacks were captured for viewing, analysis and illustration.

»  Paraventricular hypothalamus innervates facial preganglionic neurons for
choroidal blood flow

»  Solitary Nucleus innervates facial preganglionic neurons for choroidal blood
flow

»  Parasympathetic control of choroidal blood flow is linked to control of systemic
vasculature

»  Parasympathetic control of choroidal blood flow may be influenced by blood
pressure signals

»  Parasympathetic control of choroidal blood flow may be influenced by blood
salinity and volume
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Fig. 1.

Line drawing of coronal sections at the levels of PVN (Bregma —2.12 mm), SSN (Bregma
—11.00 mm) and NTS (Bregma —13.24 mm and Bregma —14.08 mm), with schematics
based on the rat atlas of Paxinos and Watson (Paxinos and Watson, 1994), showing the
distribution of PRV+ neurons in rat R3-07, in which the PRV injection was well confined to
the right choroid and yielded extensive higher-order labeling in PVN and NTS. Each filled
circle represents one PRV+ neuron.
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Fig. 2.

Illustration of Fluorogold injection sites targeting SSN by microsyringe pressure injection
for six cases (RBPH37-RBPH42). Image A shows the cores of the Fluorogold injection sites
for RBPH41 and RBPH40. In RBPH41, the injection site is centered on SSN, while for
RBPHA40 it was more rostral and lateral to that in RBPH41. Image B shows the cores of the
Fluorogold injection sites for RBPH39 and RBPH42. Image C shows the cores of the
Fluorogold injection sites for RBPH38 and RBPH37. The location and spread of the
injection sites in RBPH41, RBPH39, and RBPH38 are very similar. The injection sites and
resulting retrograde labeling for these cases, plus five control pressure injection cases for
SSN and six iontophoretic injection cases for SSN, are also described in Table 1.
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Fig. 3.

Images of Fluorogold - labeled neurons from a rat that had survived 6 days after pressure
injection of Fluorogold into the right SSN (RBPHA41), with the labeled neurons detected by
DAB peroxidase-antiperoxidase immunohistochemistry. All images are of coronal sections.
Image A shows the Fluorogold injection site into the right superior salivatory nucleus
(SSN). Image B presents a low power view through the caudal hypothalamus on the right
side of the brain, showing a scattering of FG+ neurons on that side in the paraventricular
nucleus (PVN). Image C shows a high power view of the PVN presented in image B, in
which the labeled neurons can be seen more clearly. Image D and E show low power views
of FG+ neurons at two levels of the nucleus of the solitary tract (NTS) near the obex. FG+
neurons are scattered throughout NTS at these levels. Image F shows a high power view of
the NTS presented in image E. The scale bar in B also provides the magnification for D and
E. The scale bar in C also provides the magnification for F.
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Fig. 4.

Ilustration of cases in which PVVN was targeted by iontophoresis or microsyringe pressure.
Image A shows the injection site of a successful case RBP39 and those of three control cases
(RBP28, RBP34, and RBP35). Image B shows the injection site of another successful case
RBP38 and that of one control case RBP26. Image C shows the injection sites of two control
cases, RBP29 and RBP30, at a more rostral level. Image D shows the injection sites of five
control cases. Of the five control cases, RBP23 was a pressure injection case, while the
remaining four were iontophoretic cases. Image E shows the injection sites for two cases
with pressure injection. The injection sites and resulting anterograde labeling for these cases,
and additional cases with injections targeting PVN, are also described in Table 2.
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Fig. 5.

Images of BDA10K+ terminals from a rat that had survived 13 days after an iontophoretic
delivery of BDA10OK into the right PVN (RBP39), with the labeling detected by the ABC
procedure with nickel intensified DAB. All images are of coronal sections. Image A shows
the BDALOK injection site into the right PVN. Image B presents a camera lucida drawing of
the brain stem at the level of the facial motor nucleus (7) and SSN. The dots represent NOS+
neurons. Images C and D show SSN in adjacent sections in which prechoroidal SSN neurons
have been immunostained for NOS (C) and BDA10K+ terminals from PVN neurons
visualized by the ABC method (D), respectively. Note that the location of NOS+ neurons
within SSN overlaps with the location of BDA10K+ terminals from PVN neurons. Image E
shows a high-power view of a section with two-color DAB double labeling to highlight the
overlap between NOS+ neurons (visualized by a brown DAB reaction) and BDA10K+
terminals (visualized by a black nickel intensified DAB reaction). Image F is an enlargement
of part of image E to show more clearly that BDA10K+ terminals are juxtaposed to NOS+
neurons. The scale bar in C provides the magnification for C and D.
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Fig. 6.

Illustration of central injection sites for the BDA10K injection cases targeting NTS by
iontophoresis or microsyringe. Image A shows the injection site of a successful case
(RBP95) and that of a control case (RBP92). Image B shows the injection site of another
successful case (RBP94) and those of two control cases. Image C shows the injection sites
of one partially successful case (RBP83) and a control case (RBP30). Image D shows the
injection sites for three control cases at a more rostral level. Image E show the injection sites
for two cases with pressure injection. The injection sites and resulting anterograde labeling
for these cases are also described in Table 3.
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injection site

Fig. 7.

Images of BDA10K+ terminals from a rat that survived 11 days after an iontophoretic
injection of BDA10K into the right NTS (RBP95). All images are of coronal sections. Image
A shows the BDA10K injection site in the right NTS at the level of the obex. Image B
shows an intermediate magnification CLSM image of NOS+ neurons (green) and BDA10K
+ terminals (red) at the level of the facial somatomotor nucleus and SSN, showing the
extensive overlap of NTS terminals with the NOS+ neurons of prechoroidal SSN. Image C
shows a low-power view of NOS+ neurons and BDA10K+ fibers and boutons within SSN
by using a rendered z-stack obtained by CLSM. Densely distributed BDA10K+ fibers are
juxtaposed to the NOS+ neurons. Image D is high-power view centering on one of the NOS
+ neurons shown in C. Note that many BDA10K+ boutons can be seen surrounding the
dendrites and perikarya of this NOS+ neuron, presumably forming direct synaptic contacts.
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