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Lonergan, Tina, Anja G. Teschemacher, D. Y. Hwang, K.-S.
Kim, Anthony E. Pickering, and Sergey Kasparov. Targeting brain
stem centers of cardiovascular control using adenoviral vectors: im-
pact of promoters on transgene expression. Physiol Genomics 20:
165-172, 2005. First published November 23, 2004; doi:10.1152/
physiolgenomics.00120.2004.—Adenoviral ~ vectors (AVV) are
widely used as tools for exploring gene function in studies of the
central autonomic control, but the cellular specificity of the promoters
commonly used in these vectors has not been studied. We evaluated
AVV with four “wide-spectrum” promoters, human cytomegalovirus
promoter (HCMV), synapsin-1 promoter (Synl), tubulin-a1 promoter
(Tal), and neuron-specific enolase (NSE) for their ability to express
enhanced green fluorescent protein (EGFP) within the dorsal vagal
complex and the adjacent brain stem. They were compared with the
PRSx8 promoter, specifically designed to target catecholaminergic
neurons. AHCMVEGFP, AdSyn1EGFP-WHE (woodchuck hepatitis
enhancer element), AdTa1EGFP, and AANSEEGFP were unable to
drive expression of EGFP in dopamine (3-hydroxylase-immunoreac-
tive neurons of the A2 cell group, although the adjacent dorsal vagal
motonucleus and especially hypoglossal motoneurons did express
high levels of EGFP. AdPRSx8EGFP efficiently drove EGFP expres-
sion in the A2 cell group but also in choline acetyltransferase-positive
vagal motoneurons. However, catecholaminergic neurons could be
selectively and efficiently transduced via a retrograde route by inject-
ing the vector into their target areas. Thus AVV with “wide-spectrum”
promoters have strikingly different activity in the diverse cellular
populations within brain stem cardiovascular control centers. The
PRSx8 promoter is a valuable tool for the study of the role of
catecholaminergic neurons.

adenovirus; catecholamine; dorsal vagal complex; acetylcholine

ABNORMALITIES IN THE CARDIOVASCULAR system might result from
increased or decreased expression of genes in autonomic con-
trol centers in the brain stem. One rapidly emerging technique
used to study the role of particular genes in cardiovascular
disease involves focal gene transfer, using adenoviral vectors
(AVYV), into various brain stem centers of autonomic control
(11, 14-16, 25, 32, 36, 41, 43, 45). AVV allow relatively good
spatial and temporal control of gene expression. However,
even when the injection is spatially localized, the viral vectors
are taken up by numerous cell types in the brain. Therefore,
expression of a transgene in different cell types may severely
complicate the interpretation of the physiological outcome.
Conversely, because of the inevitable transductional tropism of
the viral vectors and differences in the activity of the promoters

Article published online before print. See web site for date of publication
(http://physiolgenomics.physiology.org).
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used to drive transgene expression, the particular cell type
responsible for the physiological effect under study might not
express the transgene (15), giving rise to a false-negative
outcome of the experiment. To safeguard against this problem,
to date, many studies have employed “constitutive” promoters
such as human cytomegalovirus (HCMV), human synapsin-1
(Synl), tubulin-al (Tal), and neuron-specific enolase (NSE)
for transgene expression in brain nuclei. It is known that such
promoters may discriminate between neurons and glia; for
example, HCMV has been reported to be more active in glia
than neurons (17, 18), whereas Synl, Tal, and NSE are
referred to as “pan-neuronal” and assumed to be active in all
neurons (7, 8, 17, 18). However, the activity of these vectors in
diverse neuronal populations essential for cardiovascular con-
trol, such as the dorsal vagal complex, has not been documented.

Located in the caudal brain stem, the dorsal vagal complex
contains neurons of mixed phenotypes such as the A2 norad-
renergic cell group, GABAergic and glutamatergic nucleus
tractus solitarius (NTS) neurons, and cholinergic neurons of
the dorsal motonucleus of the vagus (DMNX). Catecholamin-
ergic neurons play a key part in the autonomic control of blood
pressure, and altered catecholaminergic signaling has been
implicated in rat models of hypertension (20, 29, 35, 44). It is
believed that this excessive central catecholaminergic activity
eventually translates to heightened sympathetic outflow lead-
ing to hypertension and end organ damage. The DMNX com-
prises preganglionic vagal motoneurons, which together with
the motoneurons of the nucleus ambiguus are critical for the
generation of parasympathetic tone of the heart, a parameter
typically impaired in hypertension (1, 4-6).

Given the growing interest in long-term genetic manipula-
tion of signaling in autonomic control centers, we evaluated a
range of promoters placed in an AVV backbone, for their
ability to drive expression of enhanced green fluorescent pro-
tein (EGFP) in the dorsal vagal complex. The promoters
chosen were HCMV, Synl, Tal, and NSE. We also evaluated
the artificial PRSx8 promoter, which was specifically designed
to target catecholaminergic neurons (12).

Here we report that AVV incorporating the above-men-
tioned promoters show marked differences in their activity in
different neuronal populations, with all of them, except for
PRSx8 being inactive in catecholaminergic neurons. We also
describe a highly efficient and selective retrograde transduction
of noradrenergic neurons using injections of AVV with the
PRSx8 promoter into their projection areas.

EXPERIMENTAL METHODS

Viral constructs. AAHCMVEGFP and AdSyn1EGFP-WHE were a
kind gift from J. Uney, University of Bristol, UK (9). AANSE-EGFP
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and AdTalEGFP were generously provided by S. Kiigler, University
of Gottingen, Germany (17).

AdPRSX8EGFP was constructed by homologous recombination of
the shuttle vector pXCX-PRSx8-EGFP and pJM17 in HEK293 cells,
followed by clone isolation (2, 10). pXCX-PRSx8-EGFP was cloned
by inserting EGFP from pEGFP-N1 (Clontech) into pXCXCMV
(obtained from Professor J. Uney, University of Bristol) using the
HindIll and Notl restriction sites. The CMV promoter was then
removed by Mlul and BamHI digestion (Mlul site blunted) and
replaced with the HindIII-BamHI fragment (HindIII site blunted) from
pK18130, which contained the 240-bp PRSx8 promoter sequence
(12). Except for the expression cassettes, all constructs contained
essentially the same adenoviral serotype 5 backbone with deletions in
the E1/2 and E3 parts of the viral genome.

Delivery of viral vectors. Male Wistar rats (75-150 g) were
anesthetized with a mixture of ketamine (60 mg/kg) and medetomi-
dine (250 pg/kg). They were placed in a stereotaxic head holder, and
the dorsal surface of the medulla was exposed through a midline
incision in the neck. Bilateral microinjections (1 wl over 2 min) of
AVV were made in the dorsal vagal complex, at the level of the
calamus scriptorius and 300 pm rostral and caudal to it, 300-400 wm
from the midline and 350-400 pm ventral to the dorsal surface of the
medulla. In the first series of experiments, the following AVV were
injected at the same titer of 2.2 X 10° pfu/ml: AJPRSXx8EGFP (n =
5), AdHCMVEGFP (n = 2), AdSynlEGFP-WHE (WHE = wood-
chuck hepatitis enhancer element, n = 2), AUNSEEGFP (n = 2), and
AdTa1EGFP (n = 2). In a second series of experiments, to test
whether this would affect their expression profile, the following AVV
were injected at ~10-fold less titers: AAHCMVEGFP (2.7 X 10%
pfu/ml, n = 3), AdSynlEGFP-WHE (4.4 X 107 pfu/ml, n = 2),
AdNSEEGFP (3 X 108 pfu/ml, n = 2), and AdTa1EGFP (3.3 X 108
pfu/ml, n = 2).

Finally, since in our preliminary experiments we noticed possi-
ble retrograde transduction of catecholaminergic neurons with
AdPRSxX8EGFP (15), in the third series of experiments AAPRSx8EGFP
was injected into several regions in the spinal cord (a well-known
projection area for several major catecholaminergic groups; 24). In
two rats, we centered injections in the intermediolateral cell column
(IML, 2 X bilateral injections; 0.8 mm lateral to midline and 0.5 mm
ventral, between thoracic segments 1 and 2, each injection: 1 pl over
2 min). In two other animals, injections were centered on the dorsal
horn at the L3 level (500 .l bilateral injections, 0.5 mm lateral to
midline, 400 pm ventral at two rostrocaudal extents separated by ~1
mm, using 5 X 10° pfu/ml). These injections were aimed at the
descending catecholaminergic projections onto sympathetic pregan-
glionic neurons and the dorsal horn, respectively.

In each case the wound was then sutured and treated with antiseptic
powder, and the rat was allowed to recover for 67 days.

Immunohistochemistry. Rats were terminally anesthetized (pento-
barbital sodium, 100 mg/kg ip) and perfused intracardially with 0.9%
saline and 4% formaldehyde in 0.1 M phosphate buffer, at pH 7.4.
Brain stems were removed and postfixed overnight and then placed in
30% sucrose for 24 h. Serial 60-pwm or 40-wm sections were cut on a
freezing microtome. In the first series of experiments, alternate sections
from the brain stems of rats injected with 2.2 X 10° pfu/ml AdHC-
MVEGFP, AdSynlEGFP-WHE, AJINSEEGFP, and AdTolEGFP
were processed for dopamine [3-hydroxylase (DBH), neuron-specific
nuclear protein (NeuN, mouse anti-NeuN, 1:500, Chemicon), or glial
fibrillary acidic protein (GFAP, mouse anti-GFAP, 1:500, Chemicon).
In the second series of experiments using lower viral titers, sections
were only processed for DBH. Of the five rats injected with
AdPRSx8EGFP, three were processed for DBH (mouse anti-DBH,
1:1,000, Chemicon) and two for choline acetyltransferase (ChAT,
rabbit anti-ChAT, 1:500, Chemicon).

Details of the immunohistochemical procedures were described
previously (19). Briefly, sections were washed for 30 min with 50%
ethanol, followed by three 30-min washes in Tris-phosphate buffered

saline (TPBS). Sections were then incubated in primary antibody and
5% normal horse serum (NHS) in TPBS, for 72 h. This was followed
by overnight incubations in either biotinylated donkey anti-mouse
F(ab), fragments or Texas Red donkey anti-rabbit F(ab), fragments
(1:500; Jackson Immunolabs, West Grove, PA) and 2% NHS in
TPBS, then ExtrAvidin-Cy3 in TPBS (1:1,000, Sigma). Washes were
performed between incubations (TPBS, three for 30 min), at room
temperature. Sections were then mounted using Vectashield (Vector
Labs).

Confocal images were obtained using a Leica SP spectral confocal
microscope. Images were taken at 1- to 2-pm intervals through the
thickness of the section. The two channels (EGFP, excitation 488 nm
and emission 500-530 nm; Cy3, excitation 543 nm and emission
590-650 nm) were scanned separately to avoid “bleed” of fluores-
cence between channels and merged using Leica software.

To assess the activity of the AVV in catecholaminergic neurons,
the presence of DBH immunoreactivity was determined in EGFP-
expressing cells in the NTS. Cells were counted bilaterally over three
comparable sections at different rostrocaudal levels within the trans-
fected area (approximately bregma —14.6, —14.2, —13.8 mm; 27). To
compare the expression profile of AAHCMVEGFP, AdSynlEGFP-
WHE, AdTa1EGFP, and AANSEEGFP within the NTS and DMNX,
three comparable sections at different rostrocaudal levels (as above)
were chosen from each experiment. The number of EGFP-expressing
neurons in the NTS and DMNX were counted bilaterally, and the
totals for the three sections were summed. The numbers were then
expressed as means = SE for each AVV. In the first series of
experiments, NeuN was used as a marker of neuronal phenotype. In
the second series, only morphological criteria were used to confirm
the neuronal nature of EGFP-fluorescent cells. Cells defined as neu-
rons had the following features: soma > 10 pm, detectable nucleus,
few well defined asymmetric processes with limited branching prox-
imal to cell body. As all of these constructs were highly active in the
hypoglossal (XII) motonucleus, which lies directly ventral to the
DMNX, neurons in the XII were also counted for comparison purposes.

RESULTS

Patterns  of transduction following AdHCMVEGFP,
AdSynlEGFP-WHE, AdTalEGFP, and AANSEEGFP injec-
tion in the dorsal vagal complex. When AdHCMVEGEFP,
AdSyn1EGFP-WHE, AdTalEGFP, and AANSEEGFP were
injected into the dorsal vagal complex, we regularly observed
transduced cells in the NTS, DMNX, and the underlying XII
motonucleus, due to the spread of the injection. Neurons of the
XII could be easily identified by their location and larger cell
bodies whose axons traversed toward and exited the ventral
edge of the medulla (Fig. 1A). DMNX neurons were found
dorsal to the XII and ventral to DBH-immunoreactive A2
neurons (Fig. 1B).

AdHCMVEGFP, AdSynlEGFP-WHE, AdTalEGFP, and
AdNSEEGFP were inactive in DBH-immunoreactive A2 neu-
rons (Fig. 1, C-E). For each vector, over 200 EGFP-expressing
cells were counted, and none was found to be DBH im-
munoreactive in rats injected with 2.2 X 10° pfu/ml. Despite
their inactivity in noradrenergic cells, AdSynl EGFP-WHE,
AdTalEGFP, and AANSEEGFP were highly active in other
NTS neurons. The total number of EGFP-expressing NeuN-
immunoreactive neurons in three different rostrocaudal sec-
tions in the NTS (see EXPERIMENTAL METHODS) were
AdSyn1EGFP-WHE (60 = 10), AdTalEGFP (74 = 8), and
AdANSEEGFP (61 = 25). EGFP expression in the NTS
following AdSynlEGFP-WHE and AdTalEGFP, was re-
stricted to neurons as was confirmed by colocalization with
NeuN (Fig. 1G) and lack of colocalization with GFAP (Fig.
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1H). AANSEEGFP largely transduced neurons, but cells of
glial morphology were occasionally observed (2-3 cells per
experiment). Similarly, in the second series of rats injected
with lower titers of the above-mentioned vectors, none was
able to drive EGFP expression in DBH-immunoreactive A2
neurons, although EGFP was expressed in non-DBH-immu-
noreactive neurons in the NTS following injection of
AdSyn1EGFP-WHE (22 = 7), AdTa1EGFP (21 = 11), and
AdNSEEGFP (19 = 7).

Interestingly, nearly all cells transduced by AAHCMVEGFP
in the NTS were glial, as confirmed by GFAP immunohisto-
chemistry (Fig. 11), although, very rarely, EGFP was found
within NeuN-immunoreactive cells (3 £ 1.5 per experiment).
In two additional animals, we explored the possibility that
AdHCMVEGFP may transiently express EGFP in A2 cat-
echolaminergic neurons. Forty-eight hours following the injec-
tion of AJHCMVEGFP, robust EGFP expression was ob-
served in the NTS, DMNX, and XII, but none of more than 300
EGFP-fluorescent cells was DBH immunoreactive.

All four vectors were approximately equally effective in ex-
pressing EGFP in neurons of the DMNX. In the first series of
experiments using 2.2 X 10° pfu/ml, the density of EGFP (NeuN-
immunoreactive) neurons was as follows: AdSynlEGFP-WHE,
21 £ 3; AdTalEGFP, 24 + 6; AANSEEGFP, 19 = §; and
AdHCMVEGFP, 11 = 1. In the second series of experiments
using lower vector titers, slightly lower numbers of neurons were
observed in the DMNX without striking differences between the
vectors: AdSynlEGFP-WHE, 8 = 7; AdTalEGFP, 17 = 14;
AdANSEEGFP, 7 * 4; and AAHCMVEGFP, 8 = 4.

Finally, all four AVV resulted in strong EGFP expression in
NeuN-immunoreactive XII neurons, and again, no radical dif-
ference was observed in the number of neurons expressing
EGFP for all four vectors in both the first series (Synl, 89 =
14; Tal, 84 = 2; NSE, 121 = 19; HCMV, 80 *= 16) and
second series of experiments using lower AVV titers
(AdSyn1EGFP-WHE, 107 = 30; AdTalEGFP, 107 = 30;
AdNSEEGFP, 72 * 34; AAHCMVEGFP, 118 £ 57). Notice-
ably, the level of EGFP expression in XII neurons targeted
with AHCMVEGFP was very high (Fig. 1A).

AdHCMVEGFP also produced robust EGFP expression in
glial (GFAP-immunoreactive) cells in the DMNX and XII
motonucleus.

The tropism of each vector for neurons (based on cell counts
from the first series of experiments) is summarized in Table 1.

Expression profile of AdPRSxSEGFP. Within the dorsal
vagal complex, AAPRSx8EGFP was the only vector efficient in
driving EGFP expression in the noradrenergic neurons of the
A2 cell group (Fig. 2A). However, AAPRSXx8EGFP also trig-
gered EGFP expression in some DBH-negative neurons ventral
to the NTS. We confirmed that these neurons were cholinergic
using immunohistochemistry for ChAT in two animals (Fig.
2B). No EGFP-expressing cells were observed in the XII
motonucleus. In two additional experiments, decreasing the
titer of AAPRSX8EGFP 10-fold to 2.2 X 108, did not eliminate
the EGFP expression in the DMNX and also decreased the
number of catecholaminergic neurons labeled (data not shown).

Previously we noticed that some EGFP-expressing norad-
renergic neurons could be found in the brain stem after
AdPRSx8EGFP injections into the hypothalamus (15). To test
whether retrograde transduction can be used for efficient and
selective targeting of noradrenergic neurons from their projec-

tion areas, we injected AAPRSX8EGFP into the IML (a known
target area for C1 adrenergic neurons in the rostral ventrolat-
eral medulla, RVLM; 24, 30, 31, 39). This resulted in numer-
ous EGFP-expressing neurons in the RVLM (Fig. 2C), all of
which were DBH immunoreactive. For example, we found 156
retrogradely labeled neurons in the RVLM of one animal
(counted in every second section to avoid double counting
between 0 to 800 wm caudal from the facial nucleus). Injec-
tions in the dorsal horn retrogradely labeled dense clusters of
noradrenergic neurons in the locus coeruleus (LC), where
numerous fluorescent cells were present in each section (Fig.
2D). Unlike traditional retrograde tracers which usually only
label only the soma and proximal dendrites, AJPRSx8EGFP
produced extensive labeling of the dendritic tree of most cells
and even labeled axonal varicosities (Fig. 2E).

DISCUSSION

We have demonstrated that commonly used promoters such
as HCMV, Synl, NSE, and Tal are unable to drive transgene
expression in catecholaminergic neurons, when incorporated
into an adenoviral backbone. However, these vectors were
highly effective in the two adjacent groups of cholinergic
motor neurons. Moreover, HCMV was apparently unable to
provide sustainable expression in other neuronal phenotypes
present within the NTS. Furthermore, we have shown that
while the artificial PRSx8 promoter efficiently drives transgene
expression in catecholaminergic neurons, it also allows expres-
sion of transgene in vagal preganglionic cholinergic motor
neurons. Finally, we found that catecholaminergic neurons can
be selectively and efficiently transduced, following injection of
AdPRSx8EGFP into their target locations.

Transgene expression driven by AdHCMVEGFP,
AdSynlEGFP-WHE, AdTal EGFP, and AANSE-EGFP in the
dorsal vagal complex is targeted. 1t is clear that the promoters
used in the above-mentioned vectors have very different
expression profiles in the dorsal vagal complex. All of these
constructs are highly active in the XII nucleus and reason-
ably active in the adjacent DMNX. However, none of these
promoters could drive EGFP expression in the noradrener-
gic A2 cell group. This phenomenon does not appear to be
limited to the A2 cell group, as AAHCMVEGFP also did not
transduce any DBH-immunoreactive neurons in the Cl1
adrenergic cell group following injection into the RVLM
(data not shown). Furthermore, when AJHCMVDsRed (ex-
pressing red coral fluorescent protein DsRed) was coinjected
with AJPRSx8EGFP in the A6 cell group, no colocalization
of EGFP and DsRed was observed (15). Finally, a com-
pletely different construct incorporating both HCMV (driv-
ing EGFP) and PRSx8 (driving (3-galactosidase) as a single
AVYV (12) shows the same pattern of EGFP expression in the
dorsal vagal complex (data not shown) as AAHCMVEGFP
used in this study.

Concerning the HCMV promoter, it is not surprising that it
may be silenced in some neuronal populations. For example, in
the hippocampus, an AVV with the HCMV promoter only led
to a transient expression of EGFP, whereas the synapsin
promoter in the same AVV backbone still produced strong
EGFP expression even after 9 mo (9). We have tested the
possibility that HCMV-driven expression in noradrenergic
neurons is extremely short-lived by looking at the expression
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pattern after 48 h. Despite the very high overall level of
expression, no DBH-positive neurons could be found, indicat-
ing that the mechanisms which suppress HCMV activity in
these cells are already active at that stage. Moreover, not only
do the catecholaminergic neurons appear to be resistant to
HCMV-driven expression, but also so do other neuronal phe-
notypes abundant in NTS, such as glutamatergic and GABAer-
gic interneurons. Indeed, only a few EGFP-fluorescent NeuN-
positive cells (e.g., neurons) were found in NTS of AdHCM-
VEGFP-injected rats. Some authors have concluded that
HCMYV preferentially expresses transgene in glia over neurons
(9, 17, 18), but our study demonstrates that this is not neces-
sarily the case. In fact HCMV was very active in XII motoneu-
rons, whereas in the NTS, most of the transduced cells were of
glial morphology. Moreover, it appears that in several previ-
ously published studies where HCMV was successfully used to
express transgenes in neurons, the transduced areas contained
cholinergic neurons (13, 22). The reasons for this selective
expression in glia and certain neural phenotypes are not known
but might be related to the activity of the CREB pathway in
these phenotypes (for further discussion see Ref 15). Kiigler
and colleagues (18) have also suggested that AVV-transduced
glia may actively suppress the expression of transgene in
certain neurons by secreting cytokines. In a more recent study,
it was demonstrated that a very rapid shutdown of HCMV-
driven transgene expression in skeletal muscle was due to the
extensive methylation of this promoter (3), another possibility
that has to be investigated.

Consistent with previously published data, Synl- and Tal-
driven EGFP expression appeared to be restricted to cells of
neuronal morphology (7, 18, 33, 42), whereas the NSE pro-
moter also allowed expression in cells of glial morphology (17,
18). It was more surprising to discover that all three neuronal-
specific promoters were unable to drive EGFP expression in
catecholaminergic neurons, at least not to levels detectable by
spectral confocal microscopy (on the basis of our previous
studies, we estimate the threshold of detection in these studies
to be 100-300 nm of EGFP) (37). It is known, for example,
that synapsin 1 is not expressed in all neuronal types in the
retina (21) and in the thalamus (40). Thus it is possible that this
gene is inactive in catecholaminergic neurons, and therefore
the same pattern of transcriptional control could apply to the
exogenously introduced proximal promoter sequence used in
the AVV. It is more difficult to explain why the Tl and NSE
promoters are inactive in catecholaminergic neurons. Both
proteins are believed to ubiquitously expressed in neurons (15).
However, no study has specifically addressed whether indeed

Table 1. Activity of AVV containing the promoters HCMYV,
Synl, Tal, and NSE, in neurons (NeuN-immunoreactive) of
the NTS, DMNX, and XII motonucleus

HCMV Synl Tal NSE
NTS (excluding A2 neurons) + ++++ ++++ ++++
DMNX ++ ++ ++ ++
X1 +4+++ FH+++ A+ FHH++

The cell counts are based on data obtained in animals injected with 2.2 X
10° pfu/ml. Plus symbol (+) indicates that the promoter was able to induce
EGFP expression in NeuN-immunoreactive cells: + = 0-10 cells, ++ =
10-30 cells, +++ = 30-50 cells, ++++ = 50-80 cells, and +++++ =
>80 cells per animal. AAV, adenoviral vectors; HCMV, human cytomegalo-
virus; Synl, synapsin-1; Tal, tubulin al; NSE, neuron-specific enolase;
EGFP, enhanced green fluorescent protein; NTS, nucleus tractus solitarius;
DMNX, dorsal motonucleus of the vagus; XII, hypoglossal.

all neuronal phenotypes express these proteins nor whether
they are colocalized with markers of catecholaminergic neu-
rons. In addition, if the lack of expression in some phenotypes
is due to the active suppression of viral transgenes, as men-
tioned above in connection with HCMYV, then it could be that
Synl-, Tal-, NSE-containing expression cassettes can also be
silenced in catecholaminergic neurons. Finally, it is also pos-
sible that the sequences used as promoters in these vectors are
insufficient to drive expression in some neuronal populations
such as catecholaminergic neurons. Whether the same is true
for other neuronal phenotypes such as GABAergic, serotoner-
gic, dopaminergic neurons etc. remains to be established.
Targeting of catecholaminergic neurons using
AdPRSx8EGFP. The PRSx8 promoter is a synthetic construct
based on the binding motif for the transcription factors Phox2a/
2b, found in the DBH promoter (12). These transcription
factors are critical for the expression of the catecholaminergic
phenotype (23, 26, 34). The earlier published data consistently
demonstrated that the PRSx8 promoter was able to efficiently
drive expression in noradrenergic neurons in the LC (12),
where essentially all EGFP-expressing neurons were DBH
immunoreactive (15). However, when the same construct was
injected into the dorsal vagal complex where catecholaminer-
gic neurons are adjacent to cholinergic motoneurons, the latter
also expressed EGFP. This is not entirely surprising: while
these neurons release a different neurotransmitter in the post-
natal brain, they are believed to be ontogenetically related to
catecholaminergic neurons and are also known to express
Phox2a/2b (38). We attempted to avoid EGFP expression in
cholinergic neurons by altering the AVV titer, but this ap-

Fig. 1. Expression profile of AdHCMVEGFP, AdSynlEGFP-WHE, AdTalEGFP, and AANSEEGFP, following injection into the dorsal vagal complex. A:
low-power view of the dorsal vagal complex area injected with AAHCMVEGFP. Although no dopamine B-hydroxylase (DBH)-positive (red) A2 neurons
expressed enhanced green fluorescent protein (EGFP) and no EGFP-expressing neurons of dorsal motonucleus of the vagus (DMNX) are visible at this
magnification, there is robust EGFP expression in the hypoglossal nucleus (XII). Axons of the XII nucleus can be seen traversing toward the ventral surface of
the medulla. AdSynlEGFP-WHE, AdTal1EGFP, and AINSEEGFP were equally efficient in transducing XII motor neurons. B: EGFP expression in the dorsal
motonucleus of the vagus (DMNX) was evident following injection of AAHCMVEGFP, AdSynlEGFP-WHE, AdTalEGFP, and ANSEEGFP into the dorsal
vagal complex. In this example, AUNSEEGFP was used. EGFP-expressing neurons (green) of the DMNX can be clearly seen, dorsal to the XII nucleus (also
expressing EGFP) and ventral to the DBH-immunoreactive (red) A2 neurons. The red box on the cartoon in B (left) indicates the area and orientation of the image
in the right and in subsequent images. C—H: following injection into the dorsal vagal complex, AAHCMVEGFP (C), AdSynlEGFP-WHE (D), AdTa1EGFP (E),
and AANSEEGFP (F) failed to induce EGFP expression (green) in DBH-immunoreactive (red) A2 neurons, as indicated by the lack of colocalization of EGFP
and DBH. Despite the lack of expression of EGFP in catecholaminergic neurons, the neuronal promoters did express EGFP in other neuronal types as indicated
by the colocalization (yellow) of NeuN (red) and EGFP (green, G; AdTalEGFP in this example). Adenoviral vectors (AVV) with neuron-specific promoters
did not express EGFP in glial cells, as indicated by the lack of colocalization of EGFP and glial fibrillary acidic protein (GFAP; H). AAHCMVEGFP largely
produced EGFP expression in glia in the nucleus tractus solitarius (NTS), as indicated by the colocalization (yellow) of EGFP (green) with GFAP (red, 7). Images
are merged confocal projection stacks (40-50 wm) or single confocal planes (G and H). Scale bars are 20 pum.
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EGFP + DBH DBH

AdPRSx8GFP

ge—

Fig. 2. Expression profile of AdPRSx8EGFP, in the dorsal vagal complex. A: following injection of AdPRSxXx8EGFP into the dorsal vagal complex,
EGFP-expressing neurons (green, A;) were partially colocalized (A;;) with DBH-immunoreactive A2 neurons (red, A;;;). The remaining EGFP-expressing neurons
appeared to belong to the cholinergic population of the DMNX. B: the cholinergic phenotype of these cells was confirmed in separate studies where EGFP
expression (green, B;) was colocalized (B;;) with choline acetyltransferase (ChAT) immunoreactivity (red, Bii;). C-E: selective retrograde transduction of
catecholaminergic neurons. Following injection of AAPRSX8EGFP into the intermediolateral cell column (IML) or locus coeruleus (LC), many EGFP-expressing
adrenergic C1 neurons (green) are observed throughout the extent of the rostral ventrolateral medulla (RVLM, C) and LC (D, arrows), respectively. Many of
the retrogradely labeled neurons were intensely fluorescent, and fine structural details became apparent including extensive dendritic arbor and axonal varicosities
(E, also see inset, arrowheads indicate varicosities). A and B: merged confocal projection stacks (40-50 um) or a single confocal plane (C) or a superimposition
of transmitted light and low-power confocal image (D). Scale bars are 20 wm (in D = 1 mm).

proach did not provide the desired degree of specificity, sug-
gesting a fairly high level of Phox2 expression in the DMNX.
This unsolicited expression in cholinergic neurons that can be
found adjacent to most of the catecholaminergic cell groups
may complicate experimentation with PRSx8-based constructs
in vivo.

Previously we noticed that when AdPRSx8EGFP was in-
jected in the hypothalamus, some retrogradely transduced neu-
rons were found in the brain stem (15), suggesting that norad-

renergic neurons may be transduced via retrograde route, from
their projection areas. The present study proves the efficacy of
this approach: indeed, numerous catecholaminergic cells were
found at the expected locations. The number of cells observed
in this study following injection of AdPRSx8EGFP into the
IML is comparable to that observed following retrograde
tracing using cholera toxin (3-chain (e.g., see Ref. 28). More-
over, the present experiments show that retrograde targeting
may be used to alter the function of these cells as it allows high
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levels of transgene expression, as judged from the brightness of
EGFP fluorescence (Figs 2, C—E). Obviously, this approach
will work best after injections in the areas where there is a high
concentration of catecholaminergic terminals. For example,
injection of AdPRSXx8EGFP into the IML allowed selective
targeting of C1 adrenergic neurons in the RVLM projecting to
that area. Injections of the same construct into the dorsal horn
of the lumbar spinal cord selectively transduced another im-
portant noradrenergic projection, which originates from the
LC. Interestingly, when the PRSx8 promoter was incorporated
into a lentiviral backbone, no retrograde labeling of cat-
echolaminergic neurons was observed (T. Lonergan, A. G.
Teschemacher, and S. Kasparov, unpublished observation). We
believe the retrograde approach can be used to study various
aspects of function of different populations of central cat-
echolaminergic neurons and their contribution to disorders
such as pathological hypertension.

In conclusion, this study demonstrates the need for careful
choice of promoter for gene manipulation in brain stem auto-
nomic nuclei, and probably other brain regions. It illustrates the
fact that the “constitutive” or “pan-neuronal” promoters may in
fact have a specific pattern of expression and have strikingly
different activity profiles in different subsets of neurons even
within the same nucleus. Importantly, within the brain region
tested, the most commonly used promoter, HCMV, was only
active in cholinergic neurons. In the context of genetic manip-
ulation of catecholaminergic neurons, to date PRSx8 turns out
to be the only promoter active in these neurons, at least within
an AVYV backbone. Selective up- or downregulation of genes in
these neurons via a retrograde route opens a whole new avenue
for studies of their role in central autonomic control and in
hypertension.
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