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Cocaine and amphetamine-regulated transcript peptide (CART) is present in a subset of sympathetic preganglionic neurons in the rat. We
examined the distribution of CART-immunoreactive terminals in rat stellate and superior cervical ganglia and adrenal gland and found
that they surround neuropeptide Y-immunoreactive postganglionic neurons and noradrenergic chromaffin cells. The targets of CART-
immunoreactive preganglionic neurons in the stellate and superior cervical ganglia were shown to be vasoconstrictor neurons supplying
muscle and skin and cardiac-projecting postganglionic neurons: they did not target non-vasoconstrictor neurons innervating salivary
glands, piloerector muscle, brown fat, or adrenergic chromaffin cells. Transneuronal tracing using pseudorabies virus demonstrated that
many, but not all, preganglionic neurons in the vasoconstrictor pathway to forelimb skeletal muscle were CART immunoreactive.
Similarly, analysis with the confocal microscope confirmed that 70% of boutons in contact with vasoconstrictor ganglion cells contained
CART, whereas 30% did not. Finally, we show that CART-immunoreactive cells represented 69% of the preganglionic neuron population
expressing c-Fos after systemic hypoxia. We conclude that CART is present in most, although not all, cardiovascular preganglionic
neurons but not thoracic preganglionic neurons with non-cardiovascular targets. We suggest that CART immunoreactivity may identify
the postulated “accessory” preganglionic neurons, whose actions may amplify vasomotor ganglionic transmission.

Introduction
Functional groups of neurons can often be defined by the distinc-
tive combinations of substances they express. The tight correla-
tion of chemical phenotype and function (sometimes called
chemical coding) is often exploited to identify neurons of specific
function in both the CNS and peripheral nervous systems e.g.,
retina (Marc and Jones, 2002), cortical interneurons (Markram et
al., 2004), and enteric nervous system (Furness, 2006). In the periph-
eral parts of the autonomic nervous system, the relationship between
chemical code and function may be set by target-derived signals
(Landis, 1992; Cane and Anderson, 2009), and the result defines
separate pathways formed from preganglionic and postganglionic
neurons linking the CNS to a wide range of peripheral effector tissues
(Macrae et al., 1986; Benarroch, 1994; Gibbins, 1995; Grkovic and
Anderson, 1997; Cane and Anderson, 2009). Similarly, target-
specific pathways can be identified electrophysiologically by their
different patterns of reflex activation (Jänig, 2006).

Examples of specific chemical codes defining the final sympa-
thetic motor pathway in the rat include motor pathways to the

heart, in which postganglionic neurons contain neuropeptide Y
(NPY) and calbindin (Richardson et al., 2006) and the pregangli-
onic neurons contain calretinin, and motor pathways to the iris,
in which the postganglionic neurons contain NPY and calbindin
and the preganglionic neurons contain calcitonin gene-related
peptide (Grkovic et al., 1999). However, one notable absence is a
chemical code that identifies preganglionic neurons of the largest
and most important functional group: vasoconstrictor neurons.
In the rat, vasoconstrictor postganglionic neurons contain NPY,
but to date no identifying chemical phenotype is known for the
preganglionic neurons that control them.

In some ganglionic pathways, peptides may be coreleased with
acetylcholine, especially on high-frequency preganglionic stimu-
lation (Bachoo et al., 1987). In vasomotor pathways, no such
peptide has yet been identified, but it has been sought to account
for two findings: (1) ganglionic transmission that survives gan-
glionic blockade with both hexamethonium and atropine (Jänig
et al., 1982, 1984), and (2) potentiation of ongoing ganglionic
transmission for tens of minutes after stimulation of a cut white
ramus (Blumberg and Janig, 1983). Peptidergic actions were in-
ferred (Jänig, 2006). In both cases, the action was specific to va-
soconstrictor pathways (muscle, cutaneous) and did not affect
non-cardiovascular pathways (pilomotor, sudomotor) (Blumberg
and Janig, 1983; Jänig et al., 1984). Intriguingly, these putative
peptidergic actions may be driven by central and preganglionic
pathways that are functionally distinct from those carrying most
ongoing vasomotor tone (Henderson and Ungar, 1978; Janig et
al., 1983; Jänig, 2006). Elucidation of this matter would be greatly
helped by identification of the candidate peptide.
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The neuropeptide cocaine and amphetamine-regulated tran-
script (CART) has been identified in a proportion of rat sympa-
thetic preganglionic neurons (SPNs) (Dun et al., 2000; Fenwick et
al., 2006). CART is widely distributed among neurons of the CNS
(Koylu et al., 1998) and has been implicated in the central regu-
lation of feeding (Thim et al., 1998). Although Fenwick et al.
(2006) formed the view that the preganglionic neurons labeled
by CART crossed the boundaries of functional class, we have
reinvestigated the possibility that CART selectively labels pregan-
glionic neurons supplying cardiovascular targets (cardiac, vaso-
constrictor, and noradrenergic adrenal). Additional studies have
addressed the question of how comprehensive and how exclusive
might that innervation by CART-containing preganglionic neu-
rons be.

Materials and Methods
Animals. Sprague Dawley rats of either sex and of 180 –300 g were used in
the following experiments. All experiments were approved by the Animal
Ethics and Experimentation Committee of the University of Melbourne
and University of Michigan as appropriate and conformed to the Society
for Neuroscience Policy on the Use of Animals in Neuroscience Research.

Retrograde labeling of postganglionic neurons with Fast Blue. For the
following procedures, animals were anesthetized with a mixture of
ketamine and xylazine (60 and 10 mg/kg, respectively, i.m.). For the
retrograde tracer Fast Blue, injections of a 2% solution in 10% dimeth-
ylsulfoxide in distilled water (Sigma) were made into one of seven sites
(iris, forehead or forelimb skin, submandibular salivary gland, masseter
or triceps muscle, or the interscapular brown fat) using a glass micropi-
pette. Iris injections were made into the anterior chamber of the eye
through a 30 gauge needle hole made at the margin of the cornea: ap-
proximately 300 nl of Fast Blue solution was injected. Skin injections
were made into a 30 gauge needle hole made intradermally, parallel to the
skin surface: two to four separate injections of �300 nl were made for
each animal. Masseter and forelimb muscle injections were made directly
into the muscle through a 2 mm skin incision: two 300 nl injections were
made in each case. The wound was closed with cyanoacrylate glue. The
subscapular brown fat was exposed with a midline incision in the skin
between the shoulder blades: two or three lobes of brown fat were each
injected with a single 300 nl injection of Fast Blue. A minimum of three
animals were investigated for each target, and survival times were be-
tween 4 and 7 d.

Anterograde labeling of sympathetic preganglionic neuron with intraspi-
nal injections of biotinylated dextran. Rats (n � 6) were anesthetized with
ketamine and xylazine (see above), and a midline incision made in the
skin between the shoulder blades. The muscle over the upper thoracic
cord was divided in the midline and the longest neural spine identified as
T2. The trailing edge of the T2 vertebrae was removed to expose a small
area of the thoracic spinal cord. The dura was punctured with a 30 gauge
needle, and a glass micropipette mounted vertically in a micromanipu-
lator was lowered vertically into the spinal cord 1 mm lateral to the
midline and 1 mm deep, and a single 200 nl injection of 10,000 molecular
weight dextran (15% in distilled water; Invitrogen) was made. The mi-
cropipette was left in place for 1 min to prevent leakage and then slowly
removed. Muscle and skin were sutured separately, and the animals were
allowed to recover. Survival times were 5–7 d.

Virally mediated transneuronal tracing. Preganglionic neurons project-
ing to postganglionic neurons supplying the rat triceps muscle were la-
beled transneuronally with pseudorabies virus (PRV). Adult Sprague
Dawley rats (Charles River) weighing 332.8 � 12.4 g (303–361 g) were
injected with PRV-152, a green fluorescent protein (GFP)-expressing
PRV strain engineered from PRV-Bartha (Billig et al., 2000). Injections
were performed using an approach validated previously in the gastroc-
nemius muscle (Kerman et al., 2003, 2006). Briefly, animals were anes-
thetized with 5% isoflurane in O2 and were injected with 20 or 30 �l of
PRV-152 (10 8-10 9 pfu/ml) into the left triceps muscle. PRV-152 was
pressure injected via a small-diameter glass pipette attached to a Hamil-
ton syringe (Hamilton Company) into multiple sites (1.0 �l/site), which

were evenly distributed between the long and lateral heads of the triceps.
To minimize nonspecific viral spread, the pipette was left in place for
30 – 60 s after each injection, and the muscle was swabbed with cotton-
tipped applicators and surgical gauze. Incisions were closed with surgical
sutures, and animals were returned to their home cages and allowed to
survive to 48 (n � 2), 60 (n � 1), 72 (n � 1), or 84 h (n � 1). At the
appropriate survival times, animals were deeply anesthetized with Nem-
butal (150 mg/kg, i.p.) and transcardially perfused with physiological
saline, followed by Zamboni’s fixative.

Induction of c-Fos expression with hypoxia. Animals were injected in-
traperitoneally with 1 mg/ml Fluorogold dissolved in 500 �l of distilled
water to retrogradely label all SPNs (Anderson and Edwards, 1994). Five
to 7 d later, they were subjected to 90 min exposure to 8% oxygen, by
delivering a mixture of nitrogen and air into a transparent canopy placed
over the animal’s home cage. The hypoxic gas was removed, and animals
breathed room air for an additional 30 min before being deeply anesthe-
tized (pentobarbitone, 100 mg/kg, i.p.) for perfusion fixation.

Perfusion and sectioning. Anesthetized animals were perfused via the
ascending aorta with 300 –500 ml of Zamboni’s fixative (2% formalde-
hyde, 1.8% picric acid in 0.1 M phosphate buffer). Superior cervical gan-
glia (SCG), stellate ganglia, and spinal cord were removed as required,
postfixed for 2 h in the same fixative, and washed three times for 5 min in
PBS (in mM: 145 NaCl, 7.5 Na2PO4, and 2.5 NaH2PO4�H2). In addition,
three rats that did not have Fast Blue or virus injections were anesthetized
with pentobarbitone and perfused as above, and the adrenal glands were
removed for analysis.

Sectioning and immunohistochemistry. After cryoprotecting in 15% su-
crose overnight, ganglia and adrenals were snap frozen in liquid-
nitrogen-cooled isopentane, sectioned at 14 �m on a cryostat, and dried
onto 1% gelatin-coated slides. Ganglia from animals injected with dex-
tran intraspinally were treated identically except that they were sectioned
at 25 �m and collected free floating in PBS. Spinal cords were cut at
segmental boundaries (the most caudal dorsal rootlet for each segment),
the meninges were removed, and each segment was sectioned horizon-
tally on a Vibratome at a thickness of 50 �m. Sections were collected free
floating in PBS. Both free-floating sections and slides were stained with
mixtures of primary antibodies (Table 1) for multiple-label immunoflu-
orescence. References establishing the source and specificity of the anti-
sera are included in Table 1 except for the following. Monoclonal mouse
anti-CART was raised against recombinant human CART 1– 89. The
manufacturer reports that the antibody detects recombinant human
CART in direct ELISAs and Western blots and can also detect recombi-
nant human CART 42– 89. In our hands, it produced identical patterns of
staining to the rabbit anti-rat CART also used in this study.

Goat anti-GFP was raised against purified GFP from Aequorea victoria.
The pattern of staining (only ipsilateral to GFP-expressing pseudorabies
virus injections and absent in animals not injected with GFP virus) con-
firms that it does not recognize any antigen endogenous to the rat.

Antibodies were made up in diluent consisting of PBS containing 0.5%
Triton X-100 and 0.1% sodium azide and applied for 24 – 48 h. Second-
ary antibodies (Table 1) were applied for 1–2 h in the same diluent.
Sections were mounted in Dako Fluorescent Mounting Medium.

Imaging and analysis. Some sections were examined and imaged using
a Carl Zeiss Axioskop fluorescence microscope fitted with filters to view
Alexa Fluor 488, Alexa Fluor 594, Fast Blue/7-amino-4-methyl-
coumarin-3-acetic acid (AMCA), and Alexa Fluor 647 and a Carl Zeiss
Axiocam Mrm digital camera and Axiovision 4.6 software. The rest of the
sections were examined and imaged using a Carl Zeiss 510 Meta scanning
confocal microscope fitted with 405, 488, 561, and 633 nm laser and Carl
Zeiss LSM software. All images were adjusted (global contrast and bright-
ness adjustments only) and measured using Carl Zeiss LSM Image
Browser version 4.0.0.241 or NIH Image version 1.42q software. All anal-
ysis was performed on neurons in which the nucleus was clearly outlined
in images taken with a 40� or 63� objective lens.

The density of innervation (the “innervation score”) of individual
postganglionic neurons by preganglionic terminals was determined us-
ing NIH ImageJ software on single confocal images of neuronal profiles.
The polygon tool in NIH ImageJ was used to outline the profile of the cell.
The enlarge command was then used to expand the outline radially by 3
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�m so as to encompass the region containing any CART-IR terminals
around the cell. The image of the CART-IR terminals was thresholded to
select all immunoreactive (IR) terminals, and the area of highlighted
terminals within the expanded cell profile was calculated and expressed
as a percentage of the 3 �m area bordering the cell.

Optical sections from confocal z-series through pericellular baskets of
CART-IR terminals around Fast Blue-labeled neurons both with and
without NPY immunoreactivity were analyzed for the expression of
CART, synaptophysin, and, when appropriate, dextran. Initially, indi-
vidual confocal images were selected from each z-series. The profile of the
postganglionic neuron was drawn, using NIH ImageJ (version 1.38x),
based on the Fast Blue channel, the NPY status of the cell was determined,
and any synaptophysin and CART-IR boutons in contact with the cell
surface were counted and scored for overlap. When dextran-labeled ter-
minals were to be analyzed in addition to those immunoreactive for
CART and synaptophysin, a slightly different procedure was followed.
No Fast Blue labeling was used. NPY-IR neurons only were analyzed, and
the NPY channel was used to draw the outline of the cell profile. Analysis
was made only of synaptophysin-containing boutons apparently in
contact with the surface of the NPY-IR neurons. A mask of the
synaptophysin-IR boutons was created (in NIH ImageJ) by thresholding
and conversion of the result to a binary image. The mask of the synapto-
physin boutons was inverted and subtracted from both the CART and
dextran channels. By this means, only synaptophysin-IR boutons were
analyzed for CART coexpression with dextran labeling.

Counts of SPNs labeled with immunoreactivity to CART and GFP or
CART immunoreactivity and c-Fos were made using the fluorescence
microscope. For each segment, all sections through the intermediate
zone were analyzed. In animals retrogradely labeled with virus, all pro-
files of SPNs expressing GFP and containing a nucleus were counted, and
the number showing immunoreactivity to CART was recorded. For each
cell, its area and the distance of the center of the cell from the lateral
margin of the gray matter was measured. The size and relative location of
virus-labeled preganglionic neurons were compared using unpaired t
tests. For studies on c-Fos expression by SPNs after hypoxia, all nucleated
profiles of SPNs labeled after intraperitoneally delivered Fluorogold were
counted and scored for CART and/or c-Fos immunoreactivity.

Results
Does CART immunoreactivity label preganglionic
vasoconstrictor neurons?
CART-immunoreactive terminals were present in both the stel-
late ganglia and SCG, forming dense pericellular baskets of vari-
cose terminals around many, but not all, postganglionic neurons
(Fig. 1A). Immunoreactivity for NPY is present in vasoconstric-

tor ganglion cells in rats (Cannon et al., 1986; Edvinsson et al.,
1987; Pernow et al., 1987; Lacroix et al., 1990; Schotzinger and
Landis, 1990; Grkovic and Anderson, 1995; Ekström et al., 1996;
Grkovic and Anderson, 1997). Sections were therefore costained
with antisera to NPY and CART. Approximately half of all post-
ganglionic neurons in both the SCG and stellate ganglia were
immunoreactive for NPY, and CART-IR terminals were almost
exclusively associated with NPY-IR cells (Fig. 1A–C).

This association was quantified by two approaches. First, 50
postganglionic neurons with and 50 without NPY immunoreac-
tivity were selected at random in the stellate or superior cervical
ganglion while the observer was blind to the pattern of CART
immunoreactivity. CART immunoreactivity was then revealed,
and the innervation of each cell by CART-IR pericellular baskets
was scored as described in Materials and Methods. In the stellate
ganglia, postganglionic neurons with NPY had an innervation
score of 11.0 � 1.11, whereas postganglionic neurons without
NPY had a significantly lower score of 3.7 � 0.48 (unpaired t test,
t � 5.98, df � 98, p �� 0.001). In the SCG, the mean innervation
score of NPY neurons (6.5 � 0.76) was also significantly larger
than that of non-NPY neurons (0.98 � 0.27, unpaired t test, t �
6.90, p �� 0.001). Second, the 50 densest CART-IR pericellular
baskets were selected from images of either the stellate or superior
cervical ganglion by an observer blind to the pattern of NPY
staining. In this case, 90 and 98%, respectively, of the baskets
surrounded NPY-IR cells.

An additional proof that rat vasoconstrictor neurons express
CART immunoreactivity was sought by transneuronal viral la-
beling from skeletal muscle, a target that receives purely vasocon-
strictor postganglionic neurons (Häbler et al., 1994). The
modified pseudorabies virus PRV-152 carries the gene for en-
hanced green fluorescent protein (EGFP) and was injected into
the triceps muscle on one side of five rats. Animals were allowed
to survive 48 h (n � 2), 60 h, 72 h, and 84 h (n � 1 each) before
perfusion–fixation. EGFP-labeled preganglionic neurons were
present ipsilateral to the injection in the thoracic spinal cord of all
animals (Fig. 1D–F), and their numbers increased with survival
time. CART-IR preganglionic neurons were also present in the
spinal cord in all cases, but their numbers decreased with survival
time, and this occurred selectively on the side injected with virus.
Evidently, the presence of virus in preganglionic neurons pro-

Table 1. Antisera and immunohistochemical reagents used

Antiserum Catalog # Species Source and characterization References

Primary
Calbindin D28 Ab1778, lot 22120130 Rabbit Millipore Bioscience Research Reagents Kim et al., 2006
CART H-003-62, lot 01033 Rabbit Phoenix Pharmaceuticals Dun et al., 2000
CART MAB163, clone 113612, lot Esx01 Mouse R & D Systems
ChAT AB144P Goat Millipore Corporation Corcoran et al., 2004; Horn et al., 2008
c-Fos SC-52-G, lot D2506 Goat Santa Cruz Biotechnology Tse et al., 2008
GFP 600-101-215, lot 11680 Goat Rockland
Neuropeptide Y AB1583, lot 22070902 Sheep Millipore Bioscience Research Reagents Blessing et al., 1986
PNMT J3-7 Sheep Anderson and Howe, 1988
Synaptophysin M 0776, lot 087 Mouse Dako Wiedenmann and Franke, 1985; Knaus and Betz, 1990

Secondary
Goat IgG, Alexa 594 A11058, lot 440446 Donkey Invitrogen
Mouse IgG, Alexa 647 A31571, lot 423849 Donkey Invitrogen
Mouse IgG, Texas Red 705-075-147, lot 72020 Donkey Jackson ImmunoResearch
Mouse IgG, Alexa 647 A31571, lot 423849 Donkey Invitrogen
Rabbit IgG, FITC 711-095-152, lot 74737 Donkey Jackson ImmunoResearch
Sheep IgG, AMCA T413-155-003, lot 23972 Donkey Jackson ImmunoResearch

Streptavidin conjugates
Streptavidin–Alexa Fluor 594 S-11227, Lot 65B2-1 Invitrogen
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gressively downregulated the expression
of CART immunoreactivity: to minimize
this factor, only the two animals given
48 h survival time were therefore analyzed
in detail.

A total of 215 virus-labeled pregangli-
onic neurons were analyzed in the two an-
imals (172 and 43, respectively). Of these,
73% were immunoreactive for CART.
Virus-labeled cells with CART immuno-
reactivity did not differ from those with-
out CART immunoreactivity in either
cross-sectional area (326 � 128 vs 401 �
304 �m 2, respectively; unpaired t test, p �
0.07) or mean distance from edge of white
matter (55.4 � 38.2 vs 54.1 � 30.9 �m,
respectively; unpaired t test, p � 0.8).

Does CART immunoreactivity mark
preganglionic cardiovascular
neurons selectively?
We next investigated the association of
CART-IR terminals with postganglionic
neurons of different functions. Fast Blue,
previously injected into a range of target
tissues, was used to label neurons in stel-
late and superior cervical ganglia with
defined projections. Sections of these gan-
glia were also costained for CART immu-
noreactivity and NPY immunoreactivity
(Fig. 1G–J). The combination of NPY im-
munoreactivity and retrograde transport
from different target tissues was used to
identify different populations of sympa-
thetic postganglionic neurons, as previously
reported. Briefly, nearly all postganglionic
neurons labeled from masseter and fore-
limb muscle were immunoreactive for NPY
and were inferred to be vasoconstrictor in
function (Pernow et al., 1987; Grkovic and
Anderson, 1997). Retrograde transport of Fast Blue from the
skin, submandibular salivary gland, and brown fat labeled neu-
rons with and neurons without NPY immunoreactivity: those
with NPY immunoreactivity were classified as vasoconstrictor
based on the previously reported distribution and chemistry of
sympathetic terminals in these tissues (Cannon et al., 1986;
Schotzinger and Landis, 1990; Grkovic and Anderson, 1997).
Neurons lacking NPY were variously classified as pilomotor
(among skin-projecting cells), secretomotor (among salivary
gland-projecting cells), and thermogenic (among brown fat-
projecting cells). Neurons retrogradely labeled from the iris were
all NPY-IR and were classified as iridomotor (Terenghi et al.,
1983; Grkovic et al., 1999). In addition, cardiac-projecting post-
ganglionic neurons were identified by a combination of topogra-
phy and chemistry. Cardiac-projecting neurons are large cells
that lie on the ventromedial edge of the stellate ganglion around
the origins of the cardiac nerves, and they express both NPY and
the calcium-binding protein calbindin (Richardson et al., 2006).
Cells that showed this chemistry and were closer than three cell
diameters to the ventromedial edge of the ganglion were selected
for analysis as putative cardiac neurons (Fig. 2A–C). In each case,
the density of CART-IR terminals around retrogradely labeled
neurons was determined.

We first compared the pooled innervation scores of the car-
diovascular neurons (NPY-IR neurons projecting to the forelimb
and masseter muscle, salivary gland, brown fat, and skin plus
cardiac neurons) with non-cardiovascular neurons (non-NPY-
immunoreactive neurons projecting to the skin, brown fat, and
salivary glands plus iris-projecting neurons) (Fig. 2E). The inner-
vation score of cardiovascular neurons was fivefold higher than
that of non-cardiovascular neurons (8.5 � 0.36 vs 1.6 � 0.26, t �
14.2, p �� 0.001).

Consistent with this pattern, the difference between the
CART-IR innervation of vascular and non-vascular neurons was
maintained when comparisons were made within a pathway go-
ing to a single tissue (salivary gland vasculature vs salivary gland
secretomotor, brown fat vasculature vs brown fat thermogenic,
skin vasomotor vs skin pilomotor) (Fig. 2F). The vascular targets
all had significantly higher innervation scores (unpaired t test,
skin vascular vs pilomotor, t � 8.0, df � 98, p �� 0.001; brown fat
vascular vs non-vascular, t � 4.1, df � 98, p � 0.001; salivary
gland vascular vs non-vascular, t � 3.5, df � 98, p �� 0.001).
Postganglionic neurons going to forelimb or masseter muscle
(purely vascular targets) and the heart also had high innervation
scores by CART-IR neurons, whereas neurons supplying the iris
muscle (a non-vascular target) had very low scores (Fig. 2F).

Figure 1. A–C, All images are projected z-series of confocal images. Rat stellate ganglion stained for immunoreactivity to CART (A) and
NPY (B) and an overlay of the two images (C). CART-immunoreactive terminals are associated almost exclusively with postganglionic
neurons immunoreactive for NPY. The same cells are labeled 1–3 in each series of image. D–F, All images are projected z-series of confocal
images. Horizontal sections through the intermediolateral nucleus of T5 rat spinal cord, stained for EGFP immunoreactivity, CART immu-
noreactivity (B), and an overlay of the two images (C). The rat has been injected with a GFP-expressing Bartha strain of the pseudorabies
virus into the triceps muscle of the forelimb 48 h previously. In A, a number of sympathetic preganglionic neurons contain GFP immunore-
activity at various levels of intensity. A number of these cells (labeled 1– 4) are also CART immunoreactive. The most intensely GFP
immunoreactive neurons (asterisks) lack CART immunoreactivity. G–J, Single confocal planes through a sympathetic postganglionic cell in
the stellate ganglion labeled from the forelimb muscle with Fast Blue (FB). The Fast Blue-labeled cell (G) is also immunoreactive for NPY (H )
and surrounded by terminals immunoreactive for CART (I ). J shows all images overlaid together. NPY-immunoreactive neurons projecting
to skeletal muscle are vasoconstrictor neurons.
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Adrenal preganglionic neurons
We next examined whether the CART-IR preganglionic neurons
that have been found previously to project to the adrenal medulla
(Fenwick et al., 2006) showed any target selectivity among chro-
maffin cells. A potential confound to this analysis is that some
chromaffin cells themselves contain CART immunoreactivity, as
reported previously (Dun et al., 2000): when sections were
costained for immunoreactivity to phenylethanolamine-n-
methyl transferase (PNMT), which labels adrenergic chromaffin

cells, CART-IR cells were found to be a
subset of those lacking PNMT immuno-
reactivity (i.e., noradrenergic chromaffin
cells). CART-IR nerve fibers clearly sur-
rounded the few clusters of noradrenergic
chromaffin cells that lacked CART immu-
noreactivity and avoided PNMT-IR (ad-
renergic) chromaffin cells (Fig. 2G–I). To
ascertain whether CART-IR terminals
also surrounded noradrenergic chromaf-
fin cells that themselves expressed CART
immunoreactivity required confocal mi-
croscopy and costaining of sections with
synaptophysin immunoreactivity to label
terminal boutons. This analysis identified
nerve terminals double labeled for synap-
tophysin and CART immunoreactivity
among the CART-IR chromaffin cells,
confirming that CART-IR preganglionic
terminals selectively surround norad-
renergic chromaffin cells, whether or
not those cells themselves express CART
immunoreactivity.

Do all preganglionic vasoconstrictor
neurons contain CART
immunoreactivity?
The evidence presented above indicates
that cardiovascular postganglionic neu-
rons are selectively targeted by CART-IR
preganglionic neurons but does not tell us
whether CART-IR preganglionic neurons
provide their only input. To investigate
this question, we used confocal micros-
copy to analyze appositions of individual
synaptophysin-IR boutons, with and
without CART immunoreactivity, on the
somata of functionally identified postgan-
glionic neurons.

Individual postganglionic neurons
that were retrogradely labeled with Fast
Blue and processed for NPY immunore-
activity were analyzed in single confocal
image planes from confocal z-series through
the neurons (Fig. 3A–D). Individual bou-
tons that appeared to contact the surface of
the cell were assessed for immunoreactivity
to CART and synaptophysin.

Five functionally distinct populations
of neurons were examined: three vaso-
constrictor (forelimb muscle, facial skin,
and salivary gland vasoconstrictor) and
two non-vasoconstrictor (salivary secre-
tomotor and pilomotor). A total of 1812

boutons were examined, from five cells from each of three ani-
mals for each functional class of neuron (Table 2).

Virtually no CART-IR boutons were present in contact with
the surface of identified non-vascular neurons. All varicosities in
contact with secretomotor neurons displayed synaptophysin im-
munoreactivity only, whereas for pilomotor neurons, 98.6% of
varicosities were immunoreactive for synaptophysin only.

In contrast, CART immunoreactivity was observed in a large
proportion of the boutons examined around all types of vasocon-

Figure 2. All images are projected z-series of confocal images. A–D, Stellate ganglion section showing cardiac-projecting
postganglionic neurons (labeled 1–3), identified by their immunoreactivity to calbindin (A) and NPY (B) and by their location in
clusters on the medial edge of the ganglion. All three cells are surrounded by dense arrays of CART-immunoreactive terminals (C).
E, Frequency distribution of the innervation scores of all cardiovascular (blue line, CV) and non-cardiovascular (red line, Non-CV)
neurons analyzed. The pooled cardiovascular neurons have strikingly higher range of innervation scores. F, Analysis of the inner-
vation scores of CART-IR terminals surrounding functionally identified postganglionic neurons in the rat SCG and stellate ganglion.
The area of CART-IR terminals surrounding each cell is shown. Neurons were retrogradely labeled from the forelimb muscle (Limb
vasc), masseter muscle (Mass vasc), forelimb skin (Skin), interscapular brown fat (Brown fat), submandibular salivary gland (Sal
gland), and anterior eye chamber (Iris). Retrogradely labeled neurons were identified by a combination of projection and immu-
noreactivity to NPY. Neurons projecting to the heart (Cardiac) were identified by a combination of topography and chemistry.
CART-IR terminals are clearly associated with cardiovascular postganglionic neurons (white bars) but not non-cardiovascular
neurons (black bars). Non-cardiovascular neurons in the skin, brown fat, and salivary gland represent pilomotor, thermogenic, and
secretomotor neurons, respectively. Error bars are �SEM. G–I, Rat adrenal gland, stained for CART immunoreactivity (G), PNMT
immunoreactivity (H ), and an overlay of the two images (I ). Note that noradrenergic chromaffin cells lacking PNMT immunore-
activity are associated with CART-immunoreactive terminals in G. The same cells are labeled 1–3 in each series of image.
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strictor neurons examined: 80, 61, and 79%, respectively, for
forelimb muscle, salivary gland, and skin vasoconstrictor neu-
rons (Table 2). The majority of the CART-IR boutons also con-
tained synaptophysin immunoreactivity, but a proportion
contained CART immunoreactivity only (see Table 2). Also
present were boutons that contained only synaptophysin. A � 2

test (� 2 value of 900.9, critical value of 9.488, p �� 0.05, df � 4)
indicated that the proportion of the total number of boutons that
were CART-IR contacting each class of cell was not identical. A
post hoc analysis comparing multiple proportions (Zar, 1984)
revealed that the proportions of CART-IR boutons (Table 2)
were significantly different from each other ( p � 0.05), except
for skin and forelimb vasoconstrictor neurons, which were sig-
nificantly different from all other classes but not from each other.

Is CART immunoreactivity absent from some axon boutons
of CART-IR preganglionic neurons?
The presence of synaptophysin boutons both with and without
CART immunoreactivity raised the possibility that there may be

two different types of input to vasoconstrictor postganglionic
neurons. Alternatively, both types of bouton may exist among the
terminals of a single type of preganglionic neuron. To distinguish
between these two possibilities, we used biotinylated dextran to
label SPN terminals anterogradely (Asamoto et al., 1997).

After injecting dextran into the T4 segment of the spinal cord,
labeled terminals were observed in the SCG, stellate ganglia, and
thoracic ganglia (Fig. 3E–I). Relatively few preganglionic axons
were labeled by each injection. This had two consequences. On
the negative side, the probability of an anterogradely labeled
preganglionic neuron contacting one of the neurons retrogradely
labeled with Fast Blue was exceedingly low: vasoconstrictor gan-
glion cells were therefore identified for this analysis purely by
their NPY immunoreactivity. On the positive side, individual
dextran-labeled fibers could often be identified in the intragan-
glionic connectives and traced into ganglia, in which they
branched widely and terminated in restricted patches (Asamoto
et al., 1997). Sometimes all the boutons around a single postgan-
glionic neuron could be traced back to a single fiber. On other
occasions, dextran-labeled terminals gave rise to many hundreds
of boutons, both with and without CART immunoreactivity, sur-
rounding clusters of NPY-IR postganglionic neurons. In those
cases, the innervation could have come from multiple pregangli-
onic neurons.

With confocal microscopy, it was possible to determine the
chemistry of individual boutons. The contacts between
dextran-labeled boutons derived from a single fiber and
NPY-IR postganglionic neurons were analyzed in the stellate
(most cases) and superior cervical ganglion: the findings were
equivalent. Two types of dextran-labeled fiber surrounding
NPY-IR neurons were observed: one type lacked CART immu-
noreactivity in any of its boutons, whereas the other had co-
localized CART immunoreactivity.

Detailed analysis was made on 32 NPY-IR neurons selected
because they were surrounded by only a sparse network of
CART-IR dextran-labeled fibers around the soma, presumably
from a single preganglionic neuron (Fig. 3E–I). A total of 186
synaptophysin-containing, dextran-labeled boutons that were
apparently in contact with the somatic surface of those 32
neurons were analyzed for the presence or absence of CART im-
munoreactivity. In 28 of 32 cells, CART was present in every
cell-contacting, dextran-labeled bouton. Eight of the 43 boutons
contacting the remaining four cells (4.3% of the total 186 bou-
tons) lacked CART immunoreactivity. These findings indicate
that, if a preganglionic neuron expresses CART immunoreactiv-
ity, it does so in nearly all of its terminal boutons; if it lacks CART
immunoreactivity, this also applies to all axon terminals.

It therefore seems clear that the 20 – 40% of boutons contact-
ing the surface of vasomotor neurons that lacked CART (Table 2)
were not just CART-negative boutons from otherwise CART-
positive cells. We conclude from this that NPY-IR neurons, such
as all three types of vasoconstrictor neuron we examined, get
inputs from two chemical classes of preganglionic neuron, one
with CART immunoreactivity and one without.

Distribution of CART-IR preganglionic neurons
As reported previously (Fenwick et al., 2006), choline acetyl-
transferase-IR SPNs in multiple spinal cord segments were im-
munoreactive for CART (Fig. 4A–C). Fluorogold injected
intraperitoneally retrogradely labels all SPNs (Anderson and
Edwards, 1994) and allowed the numbers of CART-IR SPNs to be
counted in each segment between C8 and L2 and their rostrocau-
dal distribution to be determined (Fig. 5A). CART-immuno-

Figure 3. A–D, A single image plane from a z-series through a sympathetic vascular post-
ganglionic neuron in the rat stellate ganglion that has been labeled with Fast Blue injected into
the brown fat (A), NPY (B), synaptophysin (C), and CART (D). The cell boundary has been
outlined, based on the Fast Blue (FB) image, and shows that the cell body is in close contact with
boutons immunoreactive for CART and synaptophysin (arrowheads) and for synaptophysin
alone (arrows). E–I, Confocal z-series of a dextran-labeled preganglionic fiber (E), also express-
ing CART immunoreactivity (F, arrows), surrounding a single NPY-IR neuron in the rat stellate
ganglion (I ). The distribution of synaptophysin immunoreactivity (G) was used to create a mask
to allow comparison of only dextran and CART boutons that expressed synaptophysin, seen
overlaid in H to show the overlap of dextran (red) and CART (green) as yellow boutons (arrows).
In I, NPY, CART, and dextran are shown simultaneously without masking. Note that, in this
example, a projected z-series has been used for clarity. The analysis reported in Results was
performed on single optical sections.
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reactive neurons were very rare in C8 and T1, and their numbers
peaked in T5 and again in T12. One striking feature of the distri-
bution of CART-IR preganglionic neurons relative to those that
lacked CART immunoreactivity is that the former appeared more
common medially in the nucleus intermediolateralis (IML). This
could be because there are differences in position between neu-
rons projecting to different ganglia (Pyner and Coote, 1994) or
because neurons projecting to a single ganglion are distributed
differently according to their function.

We distinguished between the two possibilities by examining
the distribution of CART-IR neurons projecting to a single sym-
pathetic ganglion, the SCG. Fast Blue injected into the SCG la-
beled neurons in spinal cord segments C8 to T6, and the
proportion of CART-IR SPNs in three animals was calculated in
segments T1–T5, in which the most retrogradely labeled cells
were found. Approximately one-third of all Fast Blue-labeled
SPNs were immunoreactive for CART (Table 3), which contrasts
to the 73% of SPNs that contained CART immunoreactivity after
injections of virus into skeletal muscle, confirming the specific
association of CART-IR SPNs with vascular pathways. CART-IR
preganglionic neurons projecting to the SCG relative to those
that lacked CART immunoreactivity were significantly more
common medially in the IML (Kolmogorov–Smirnov goodness-

of-fit test, p � 0.05, two tailed) (Fig. 6) but did not extend across
the nucleus intercalatus into the central autonomic nucleus
around the central canal.

Can CART-IR preganglionic neurons be activated by
physiological stimuli?
We next wanted to examine hypoxia as a possible stimulus for
inducing expression of the immediate early gene c-fos in
CART-IR preganglionic neurons. Fenwick et al. (2006) have
demonstrated previously that baroreceptor unloading activates
only 41% of CART-immunoreactive preganglionic neurons, and
we were interested in the extent to which CART-IR neurons
would respond to a stimulus of arterial chemoreceptors. Expo-
sure of rats to hypoxia induced expression of the early immediate
gene c-fos in SPNs that had been prelabeled with intraperitoneally
delivered Fluorogold (Fig. 4D–G). Preganglionic neurons ex-
pressing c-Fos were absent in C8 and T1 and rare in L1 and L2
(Fig. 5 B). Approximately 69% of all SPNs expressing c-Fos
also expressed CART immunoreactivity. Of the total CART-IR
preganglionic neurons, 33% expressed c-Fos. The distribution of
preganglionic neurons with CART and c-Fos was similar to that
of CART alone (very rare in neurons in C8 and T1 and peaking in
T4 and T13, with a nadir at T9) (Fig. 5A). The one exception was

Table 2. Analysis of boutons in contact with identified postganglionic neurons in the rat

Forelimb vasoconstrictor Salivary gland vasoconstrictor Skin vasoconstrictor Secretomotor Pilomotor

CART only 29.6% 16.3% 29.3% 0% 0.7%
Synaptophysin only 19.8% 38.8% 20.6% 100% 98.6%
Colocalized 57.1% 44.9% 50.1% 0% 0.7%
Total CART % 86.7% 61.2% 79.4% 0% 1.4%
Range % 56.5–100% 17.6 –92.3% 55.6 –100% 0 – 0% 0 – 8.3%
Total boutons 415 325 403 384 285
Total neurons/animals 15/3 15/3 15/3 15/3 15/3

Figure 4. A–C, Images are projected z-series of confocal images; lateral is to the top of the image in each case. Horizontal sections through the intermediolateral nucleus of T3 rat spinal cord,
stained for choline acetyltransferase (ChAT) immunoreactivity (A), CART immunoreactivity (B), and an overlay of the two images (C). At least three of the ChAT-immunoreactive neurons in the
intermediolateral column (asterisks) are also immunoreactive for CART. D–G, Fluorescence micrographs of horizontal sections through the intermediolateral nucleus of rat T5 spinal cord (lateral to
the top), showing CART-immunoreactive neurons (D) identified as preganglionic by the presence of retrogradely transported Fluorogold (E). Two of the preganglionic neurons are immunoreactive
for c-Fos after a period of hypoxia (F ). G shows a merge of all images, and the asterisks identify the same preganglionic neurons in each image.
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that, compared with the thoracic spinal cord, c-Fos expression
after hypoxia was relatively rare in CART-IR neurons in L1–L2.
Among c-Fos-IR neurons, a broadly similar proportion ex-
pressed CART at each segmental level between T2 and L2.

Discussion
Dun et al. (2000) first showed that CART immunoreactivity was
present in rat SPN. This was confirmed by Fenwick et al. (2006),
who showed that these neurons project to the adrenal gland and
to a range of sympathetic ganglia. The current study extends
those observations by providing clear evidence that CART-IR
preganglionic neurons selectively target vasoconstrictor and car-
diac postganglionic neurons in the SCG and stellate ganglia as
well as the noradrenergic chromaffin cells of the adrenal medulla
(“cardiovascular” sympathetic neurons). Additionally, this study
shows that the cardiovascular postganglionic neurons receive in-

puts from SPNs both with and without CART immunoreactivity.
Finally, 69% of the preganglionic neurons expressing c-Fos after
the animal was subjected to hypoxia also expressed CART immu-
noreactivity, indicating that hypoxia is a strong stimulus of
CART-IR preganglionic neurons. The implications of these find-
ings are considered below.

CART immunoreactivity as a marker of cardiovascular
neurons
All data from the present study are compatible with the view that
CART immunoreactivity selectively identifies cardiovascular
preganglionic neurons and is expressed by a substantial subset
(but not all) of that population. Within the stellate ganglion and
SCG, CART-IR terminals almost exclusively surround the cell
bodies of NPY-IR vasoconstrictor and cardiac neurons but they
avoid non-vasoconstrictor neurons, including the NPY-IR neu-
rons that innervate the iris. Furthermore, identified vasoconstric-
tor neurons, but not non-cardiovascular neurons, have CART-IR
boutons directly apposed to their surface. Finally, transneuronal
retrograde labeling with pseudorabies virus confirms that
CART-IR SPNs are indeed disynaptically connected to blood
vessels.

In the adrenal gland, CART-IR terminals are present and are only
associated with noradrenergic chromaffin cells, which make up 19%
of chromaffin cells in the adult rat adrenal medulla (Murphy et al.,
2000). The 14% of retrogradely labeled preganglionic neurons
innervating the adrenal medulla that contain CART immunore-
activity (Fenwick et al., 2006) therefore represents a pregangli-
onic supply to exclusively noradrenergic chromaffin cells,
confirming that the rat, like the cat (Edwards et al., 1996), has
distinct chemical types of preganglionic neuron innervating ad-
renergic and noradrenergic chromaffin cells. In the rat, pregan-
glionic neurons innervating adrenergic chromaffin cells express
enkephalin (Pelto-Huikko et al., 1985; Henion and Landis, 1990;
Holgert et al., 1995), whereas those innervating noradrenergic

Figure 5. A, Distribution of CART-IR sympathetic preganglionic neurons in the spinal cord of
the rat. Also shown (blacks bars) are the proportion of the total CART-IR sympathetic pregan-
glionic neurons in each segment that were c-Fos-immunoreactive after hypoxia. B, Distribution
of the c-Fos-immunoreactive sympathetic preganglionic neurons in the spinal cord of the rat.
The black bars are the proportion of c-Fos-immunoreactive preganglionic neurons that also
contain CART. Both A and B are the means of two animals except for segments T4, T8, and T12,
which are the means of three animals. Error bars are SEM.

Table 3. CART immunoreactivity in SCG-projecting sympathetic preganglionic
neurons

T1 T2 T3 T4 T5 Total

Total Fast Blue cells 484 1144 898 684 157 3367
CART-IR cells 141 352 333 222 66 1114
% of total Fast Blue cells in segment (29%) (31%) (49%) (32%) (42%) (33%)

Figure 6. Frequency plot of the mediolateral position of sympathetic preganglionic neurons
in the intermediolateral column of T2 and T4 segments of rat spinal cord. Preganglionic neurons
immunoreactive for CART tend to be located more medially than preganglionic neurons that
lack CART immunoreactivity.
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chromaffin cells do not. Because all SPNs innervating the rat
adrenal medulla express nitric oxide synthase (NOS) (Afework
and Burnstock, 1995; Holgert et al., 1995; Schäfer et al., 1998),
this substance must be occur with CART immunoreactivity in
neurons innervating noradrenergic chromaffin cells. Impor-
tantly, it is the SPN supplying noradrenergic chromaffin cells that
are barosensitive and behave functionally as cardiovascular neu-
rons (Cao and Morrison, 2000, 2001).

Distribution of CART-IR neurons
CART-IR sympathetic preganglionic neurons have a distinctive
rostrocaudal distribution in the thoracolumbar spinal cord. They
were essentially absent from C8 and T1, but their numbers
peaked in the midthoracic region and again in T13–L1, with a
nadir at T9. They also had a quite specific distribution mediolat-
erally within the IML, being most common medially in the IML
and very rare in the white matter lateral to the IML (the nucleus
intermediolateralis, pars funicularis) (Petras and Cummings,
1972). The medial location of CART-IR neurons was also seen
when only SPNs projecting to a single ganglion, the SCG, were
considered. Previously, retrograde-labeling studies have iden-
tified distinct longitudinal columns of preganglionic neurons
within the IML, each of which projects to a specific ganglion or
to the adrenal medulla (Baron et al., 1985a,b,c; Jänig and
McLachlan, 1986a,b; Pyner and Coote, 1994). Our study has
shown that these columns can be further subdivided medio-
laterally on the basis of neuronal phenotype (and, by infer-
ence, function).

Overall, we have relatively few examples of the distribution
of distinct subsets of SPNs in the rat spinal cord. Grkovic et al.
(1997) reported the rostrocaudal distribution of preganglionic
neurons immunoreactive for either calbindin alone or calbi-
ndin coexpressed with NOS. Both had distributions that were
unique and different from that of CART-IR preganglionic
neurons (Fig. 7).

The absence of CART-IR neurons from C8 and T1 segments
(Fenwick et al., 2006; this study) is consistent with their proposed
cardiovascular function. Langley (1900) and Njå and Purves
(1977a,b) showed in mammals that stimulation of the C8 and T1
ventral roots activated postganglionic neurons controlling the
iris, but no vasoconstriction of the ear was seen until the T2 and
more caudal ventral roots were stimulated.

Comparison with previous work
The present findings that CART immunoreactivity selectively la-
bels cardiovascular SPN differs from the conclusion reached by a

previous study (Fenwick et al., 2006), that CART immunoreac-
tivity in rat SPNs cuts across functional classes. That conclusion
was reached on the basis of two findings: (1) only a minority of
the SPNs that expressed c-Fos after a hypotensive stimulus (pu-
tative cardiovascular SPNs) were found to contain CART immu-
noreactivity, whereas CART immunoreactivity was present in
many SPNs without c-Fos; (2) CART-IR SPNs projected to a
range of sympathetic ganglia, including those (e.g., the main pel-
vic ganglion) in which few vasoconstrictor neurons are likely to
reside (Fenwick et al., 2006). Our data do not address this last
point and do not exclude the possibility that CART immunore-
activity labels some lumbar SPNs with “non-cardiovascular”
functions, in addition to cardiovascular SPNs.

With regard to the first argument above, hypotension is a
rather weak stimulus for c-Fos expression in SPNs; indeed, some
workers have failed to detect c-Fos expression in SPNs even after
hypotensive stimuli that evoked strong c-Fos expression in cells
of the rostral ventrolateral medulla (McAllen et al., 1992; Badoer
et al., 1993). The SPNs that have been found to express c-Fos after
hypotensive stimuli appear to be a select group—mainly adrenal-
projecting neurons of the lower thoracic cord (Minson et al.,
1996, 2002)—rather than all cardiovascular SPNs. The reasons
for this are unclear, but it means that one should not be surprised
to find that only a minority of cardiovascular SPNs express c-Fos
after hypotension. Nor should one be surprised to find that many
CART-IR-negative SPNs express c-Fos after hypotension, even if
this is a selective stimulus for cardiovascular neurons, because
20 –30% of cardiovascular SPNs lack CART immunoreactivity
(this study). The observations of Fenwick et al. (2006) therefore
do not refute the view that CART-IR SPNs of the rat’s thoracic
cord are cardiovascular.

Functional correlates of CART-immunoreactive
preganglionic neurons
The present findings indicate clearly that most cardiovascular
SPNs express CART immunoreactivity, but a clear minority
(�20 –30%) do not. The two populations converge to supply the
same ganglion cells. On the basis that in both preganglionic and
postganglionic sympathetic neurons chemical phenotype is
tightly linked to function, we hypothesize that these two neuronal
populations play distinct functional roles. What might those dis-
tinct roles be?

It has been argued previously, on the basis of physiological
experiments, that two functional classes of SPNs innervate vaso-
motor postganglionic neurons (Jänig et al., 1983; Jänig, 2005;
McAllen et al., 2005): these have been termed “regular” and “ac-
cessory” (McAllen et al., 2005). The regular pathway provides
resting tone, is strongly activated by baroreceptor unloading, and
communicates with ganglion cells by conventional nicotinic
transmission (Henderson and Ungar, 1978; Jänig, 1995). In con-
trast, the accessory preganglionic pathway may not drive much
basal tone, but it is strongly stimulated by arterial chemorecep-
tors and can activate vasoconstrictor pathways by non-nicotinic
transmission (Henderson and Ungar, 1978; Jänig et al., 1983,
1984). Physiologically, when nicotinic transmission is intact,
non-nicotinic actions are likely to provide excitatory modulation
rather than direct drive. It is therefore relevant that a recent in-
tracellular study of synaptic processing by vasomotor ganglion
cells in vivo has found that the gain of transmission from pregan-
glionic to postganglionic action potentials is sensitive to small
changes in ganglion cell excitability, as may be caused by peptides
(Bratton et al., 2010).

Figure 7. The segmental distribution of CART-IR sympathetic preganglionic neurons from
this study compared with the distribution of sympathetic preganglionic neurons immunoreac-
tive for calbindin and NOS or calbindin alone (additional data from Grkovic and Anderson, 1997).
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The present findings may have provided the anatomical sub-
strate for this dual control of cardiovascular postganglionic neu-
rons. If so, the preferential activation of CART-IR SPNs by
hypoxia (this study) compared with hypotension (Fenwick et al.,
2006) implicates CART-IR cells as the accessory SPN (and of
course suggests CART as a candidate peptide transmitter).
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