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Abstract 

Polyclonal antipeptide antibodies have been raised against each of the two isoforms of the rat 
vesicular monoamine transporter, VMAT1 and VMAT2. Antibody specificity was determined by 
isoform-specific staining of monkey fibroblasts programmed to express either VMAT1 or VMAT2. 
The expression of VMAT1 and VMAT2 in the diffuse neuroendocrine system of the rat has been 
examined using these polyclonal antibodies specific for either VMAT1 or VMAT2. 

VMAT1 is expressed exclusively in endocrine/paracrine cells associated with the intestine, stom- 
ach, and sympathetic nervous system. VMAT2 is expressed in neurons of the sympathetic nervous 
system, and aminergic neurons in the enteric and central nervous systems. VMAT2 is expressed in 
at least two endocrine cell populations in addition to its expression in neurons. A subpopulation of 
chromogranin A (CGA)-expressing chromaffin cells of the adrenal medulla also express VMAT2, 
and the oxyntic mucosa of the stomach contains a prominent population of CGA- and VMAT2- 
positive endocrine cells. 

The expression of VMAT2 in neurons, and the mutually exclusive expression of VMAT1 and 
VMAT2 in endocrine/paracrine cell populations of stomach, intestine, and sympathetic nervous 
system may provide a marker for, and insight into, the ontogeny and monoamine-secreting capa- 
bilities of multiple neuroendocrine sublineages in the diffuse neuroendocrine system. 

Index Entries: Vesicular monoamine transporter isoforms; VMAT1; VMAT2; rat neuroendo- 
crine system. 
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Introduction 

Two isoforms of the vesicular mono- 
amine transporter have been identified in 
rat (Erickson et al., 1992; Liu et al., 1992), 
and h u m a n  (Erickson and Eiden, 1993; 
Erickson, unpublished),  and one isoform in 
cow (Krejjci et al., 1993; Howell et al., 1994). 
In rat, the isoform now designated VMATI* 
was isolated from a PC-12 cell cDNA library 
by expression cloning (Liu et al., 1992). 
VMAT1 mRNA is expressed in adrenal  
medu l l a  and is apparent ly  absent from 
brain (Liu et al., 1992). The VMAT2 cDNA 
was obtained from a rat basophilic leu- 
kemia cell l ibrary by expression cloning 
(Erickson et al., 1992) and from the rat brain 
by low-stringency screening with VMAT1 
(Liu et al., 1992). VMAT2 mRNA is expres- 
sed in the rat brain and stomach (Erickson 
et al., 1992; Liu et al., 1992). Both VMAT1 
and  VMAT2 have  been  repor ted to be 
expressed in rat adrena l  medul la :  One 
repor t  (Mahata  et al., 1993) descr ibed  
VMAT1 mRNA expression in chromaffin 
cells and VMAT2 mRNA expression in 
putative ganglion cells, whereas another 
(Hof fman  and Mezey,  1993) descr ibed 
VMAT1 mRNA expression in chromaffin 
cells and VMAT2 mRNA expression in both 
putat ive gangl ion and chromaffin cells. 
H u m a n  VMAT1 and VMAT2 mRNAs are 
both expressed in human  pheochromocy- 
toma (Erickson,  unpub l i shed ) .  Bovine 
VMAT2 mRNA is expressed in both adre- 

nal medulla and brain, al though its abun- 
dance in adrenal medulla relative to bovine 
VMAT1 mRNA is unknown since no bovine 
VMAT1 has yet been reported. 

We have developed polyclonal antibod- 
ies against each of the two isoforms of the 
rat vesicular monoamine transporter, and 
used these to visualize the neuronal  and 
endocrine cells that express each trans- 
porter  in pa ra f f i n - embedded  t issues of 
the rat. The distribution of the VMAT iso- 
forms in neu rons  and  endoc r ine  cells 
th roughout  the diffuse neuroendocr ine  
system is described here. 

Materials and Methods 

Preparation of Tissues 
Deparaff in ized sections of rat t issues 

were employed for immunohis tochemical  
localization of VMATs. These were pre- 
pared as previously described (Sch~ifer et 
al., 1994) following transcardial perfusion 
of pentobarbital-anesthesized animals with 
Bouin-Hol lande and removal  of excess 
Bouin's solution by mult iple  washing  in 
70% alcohol over several days. 

Antibody Production 
Peptides derived from the C-terminal  

sequences of rat VMAT1 ((C)TKAFPLGEN 
SDDPSSGE; Liu et al., 1992) and of rat 
VMAT2 ((C)TQNNVQSYPIGDDEESESD; 
Erickson et al., 1992) were synthesized and 

*VMAT1 is the currently accepted name of the vesicular monoamine transporter protein first identified 
by Liu et al. (1992) as associated with chromaffin cells of the adrenal medulla. It has previously been called 
CGAT (chromaffin granule amine transporter). VMAT2 is the currently accepted name of the vesicular 
monoamine transporter protein first identified by Liu et al. (1992) as associated with rat brain and by 
Erickson et al. (1992) as associated with rat brain and rat basophilic leukemia cells. It has previously been 
called MAT (monoamine transporter; Erickson et al., 1992) and SVAT (synaptic vesicle amine transporter; 
Liu et al., 1992). In some reports published before 1994, VMAT1 was called vMAT2, and VMAT2 called 
vMAT1 (Erickson and Eiden, 1993; Mahata et al., 1993). 
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purified by HPLC by Peninsula Labora- 
tories, Inc. (Belmont, CA). Cysteine resi- 
dues (C) were added to the N-terminus of 
each peptide for coupling to maleimide 
activated keyhole limpet hemocyanin 
(KLH; Pierce, Oug-Beigerland, The Neth- 
erlands). The thioether bond between this 
N-terminal cysteine residue and the carrier 
protein creates a homogenous conjugate 
with fully exposed transporter C-termini. 
Peptides (3 mg) were resuspended in 0.2 
mL PBS and immediately added to 5 mg 
reconstituted KLH in water. The reaction 
proceeded for 2 h at room temperature, at 
which time the productwas diluted to 10 
mL with PBS. The suspension was then 
dialyzed overnight against PBS at 4°C, ali- 
quoted, and stored at -70°C until use. 
Peptide/KLH conjugates were mixed with 
Freund's complete adjuvant (1:1, v:v) and 
emulsified by sonication. This emulsion 
(500-1000 ~tL) was injected into approx 40 
intradermal sites in male New Zealand 
white rabbits (125-250 ~tg equivalents of 
peptide as conjugate per rabbit), and injec- 
tions were repeated 2 wk later. Rabbits 
were boosted monthly by the same pro- 
cedure using a 1:1 emulsion of Freund's 
incomplete adjuvant and peptide conjugate 
in PBS. Blood was obtained from the ear 
vein, and serum was prepared and stored 
in 0.1% sodium azide at 4°C until diluted 
with appropriate buffers for immunohisto- 
chemistry (see the following). 

Determination of Specificity 
of Antibodies on CV- I  Cells 
Expressing VMATI or VMAT2 
cDNAs 
Functional expression of rat VMAT1 and 

VMAT2 cDNAs was performed using the 
vaccinia virus/bacteriophage T7 hybrid 

system (Fuerst et al., 1986). Monkey kid- 
ney fibroblasts (CV-1 cells) were cultured 
in Dulbecco's modified Eagle medium con- 
taining 10% fetal bovine serum, penicillin 
(100 U/mL), streptomycin (100 mg/mL), 
and glutamine (4 mM). Cells were grown 
on collagen-coated 8-well chamber slides 
(5 × 104 cells/well) or 6-well plates (4 x 10 s 
cells/well) and infected the following day 
with a recombinant vaccinia virus encod- 
ing bacteriophage T7 RNA polymerase at 
a multiplicity of infection (MOI) of 10. 
After 30 rain the cells were transfected with 
plasmid DNA (1 ~tg/mL) by using Trans- 
fectace (10 ~tg/mL; BRL, Richmond, CA) 
and incubated an additional 18 h. For 
immunocytochemistry (see the following), 
the cells were washed with phosphate buff- 
ered saline (PBS) and fixed in the same 
buffer containing 2.5% formaldehyde at 
room temperature. VMAT1 and VMAT2 
antibodies were tested on both VMAT1- 
and VMAT2-expressing cells, respectively, 
for crossreactivity and nonspecific reac- 
tions using indirect immunoperoxidase 
staining after Triton permeabilization (see 
the following). 

Cloning of Rat VMATI 
and Functional Activity 
of Rat VMATI and Rat VMAT2 
in CV- I Cells 
Monoamine transport  function was 

assessed in individual CV-1 cells expres- 
sing VMAT1 or VMAT2 to determine 
transfection efficiency as well as the char- 
acteristics of transport by each isoform 
(Erickson et al., 1992; Erickson and Eiden, 
1993). CV-1 cells expressing VMAT1 and 
VMAT2 were rinsed with intracellular 
buffer (110 mM potassium tartrate, 5 mM 
glucose, 1 mM ascorbic acid, 10 ~tM par- 
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gyline, and 20 mM HEPES, pH 7.2) and 
permeabilized for 10 rain at 37°C in uptake 
buffer with 10 ~tM digitonin. The medium 
was replaced with fresh buffer without 
digitonin containing 5 mM MgATP and 
[3H]5-HT (27.3 Ci/mmol,  DuPont NEN, 
Boston, MA) and incubated at 37°C for 3 
min (uptake inhibition studies) or 15 min 
(determination of transfection efficiency). 
Uptake was terminated with two washes 
in buffer with 2 mM MgSO 4 on ice. Slides 
were processed for autoradiography after 
fixation of accumulated [3H]5-HT with 
2.5% glutaraldehyde and 1:100 acrolein in 
buffer on ice for 45 min and were under 
emulsion at 4°C for 6 d. 

The rat VMAT2 cDNA was previously 
obtained by expression cloning (Erickson 
et al., 1992). The rat VMAT1 cDNA was 
obtained from a rat PC12 cell cDNA library 
by screening with the rat VMAT2 cDNA at 
low stringency. The library was subdivided 
(24 pools of 1.4 x 105 recombinants) and 
Southern blots of EcoR1 restriction digests 
of p la smid  p r e p a r e d  from overn ight  
cultures were hybridized in a buffer con- 
taining 4X SSC/25% formamide/5X Den- 
hardt's solution/200 ~g/mL tRNA with a 
random-primed [32p]-labeled rat VMAT2 
coding sequence at 45°C. The filters were 
washed in 3X SSC/0.1% SDS at 60°C. 
Autoradiographs were analyzed using a 
BAS2000 phosphor-imaging system (Fuji 
Biomedical,  Stamford,  CT) after 12 h 
exposure. Pools of recombinants express- 
ing full-length clones were identified by 
functional expression (Erickson and Eiden, 
1993) and then plated to isolate a single 
cDNA clone. The restriction map of this 
~2.4 kb cDNA was completely consistent 
with the known sequence of rat VMAT1 

(Liu et al., 1992). Functional distinction of 
the VMAT1 and VMAT2 cDNA clones was 
based on their  s imil iar  sens i t iv i ty  to 
inhibition of [3H]5-HT uptake by reser- 
pine (100 nM), but differential sensitivity 
to inhibition by tetrabenazine (5 ~tM). 

Immunohistochemical 
Visualization of VMATI 
and VMAT2 in Rat Tissues 

Paraffin sections were cut from Bouin's 
fixed tissues extensively washed in 70% 
alcohol, deparaffinized with xylene, and 
incubated with VMAT1 and VMAT2 anti- 
sera at a 1:1000 dilution in PBS. Primary 
antibody was visualized following incu- 
bation with biotinylated antirabbit second 
antibody by application of streptavidin- 
coupled peroxidase and further incubation 
with peroxide and diaminobenzidine as 
described (Sch~ifer et al., 1994). 

Immunohistochemistry 
of VMAT and VMAT2 
in Transfected CV- I Cells 

Immunohistochemistry was performed 
essentially as described earlier on CV-1 
cells transfected with rat VMAT1 or rat 
VMAT2 and infected with a T7-expres- 
sing vaccinia virus. Cells in eight-cham- 
ber microscope slides were fixed for 2 h 
in 10% formalin/PBS 18-24 h after trans- 
fec t ion/ infect ion.  Immunoh i s tochem-  
istry was carried out as described for 
deparaffinized tissue sections, except that 
0.6% Triton X-100 was included in all pri- 
mary, secondary, and tertiary antibody 
incubations. 
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Fig. 1. Functional and pharmacological char- 
acterization of rat VMAT1 and rat VMAT2 
expressed in CV-1 cells. Rat VMAT1- and rat 
VMAT2-mediated transport activity was asses- 
sed by measurement of accumulation of [3H]5- 
HT (0.2 ~I )  in digitonin-permeabilized CV-1 
cells expressing the appropriate transporter 
cDNA. Assay conditions were as described in 
Materials and Methods. Reserpine (RES) and 
tetrabenazine (TBZ) were present at 100 nM and 
5 ~tM, respectively, and were added imme- 
diately before the addition of 5-HT. Uptake was 
terminated 3 min after 5-HT addition. Represen- 
tative data are from a single experiment per- 
formed in quadruplicate. 

Results 

Characterization of Rat VMATI 
and Rat VMAT2 
Expressed in CV- I Cells 
Functional expression of both VMAT1 

and VMAT2 occurs in CV-1 cells trans- 
fected with the appropriate full-length 
cDNA flanked by a T7 transcription start 
signal, and infection of the cell culture with 

T7-expressing vaccinia virus. Under these 
conditions, 60-80% of the cells in the cul- 
ture express transporter, as evidenced by 
the percentage of cells positive for auto- 
radiographic grains visualized under 
brightfield microscopy after incubation of 
permeabilized cells with tritiated serotonin 
(data not shown). Uptake of serotonin by 
VMAT1 is considerably less sensitive to 
inhibition by tetrabenazine than uptake 
mediated by VMAT2, although both trans- 
porters are inhibited equally well by 
reserpine at nanomolar concentrations (Fig. 
1; Erickson and Eiden, 1993). These data are 
consistent with previous reports using 
VMAT-expressing CHO cell membrane 
vesicles (Peter et al., 1994). 

Specificity of Rat VMATI 
and Rat VMAT2 C-Terminal 
Peptide Antisera 
The availability of a cell line expressing 

neither VMAT1 nor VMAT2, but capable 
of expressing either protein in a fully func- 
tional state on transfection of cDNA encod- 
ing either transporter isoform, allowed 
complete and unambiguous demonstration 
of the specificity of antisera raised against 
each isoform. Thus, CV-1 cells expressing 
VMAT1, but not those expressing an equi- 
valent amount of VMAT2 (based on triti- 
ated serotonin uptake; s e e  Fig. 1) were 
stained with antiserum against VMAT1, 
whereas CV-1 cells expressing VMAT2, but 
not those expressing an equivalent amount 
of VMAT1, were stained with antiserum 
against VMAT2 (Fig. 2). The data shown 
in Fig. 2 are for the rat VMAT1 antiserum 
68477 and the rat VMAT2 antiserum 80214. 
These two antisera are typical of several 
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Fig. 2. Differential staining with antibodies against VMAT1 and VMAT2 expressed in CV-1 cells. 
(A,B) Rat VMATl-expressing CV-1 cells immunostained with antirat VMAT1 antiserum (A) or 
antirat VMAT2 antiserum (B). (C,D) Rat VMAT2-expressing CV-1 cells immunostained with antirat 
VMAT1 antiserum (C) or antirat VMAT2 antiserum (D). Antisera employed (at 1:1000 final dilu- 
tion) were anti-VMAT1 antiserum #68477 and anti-VMAT2 antiserum #80214. 

ra ised agains t  the rat VMAT1 and rat 
VMAT2 C-terminal  peptides. The C-ter- 
mini  of both isoforms of the monoamine  
t ranspor ter  contain  several  aspart ic or 
glutamic acid residues, and thus antibod- 
ies raised against C-terminal peptides are 
potentially crossreactive. The data obtained 
here for the representat ive  ant ipept ide  
a n t i b o d i e s  used  in the h i s t o c h e m i c a l  
studies described below show that at anti- 
body dilut ions employed in routine histo- 
chemistry, antibodies against VMAT1 and 
VMAT2 are completely specific for each 

transporter isoform, and thus suitable for 
m a p p i n g  the di f ferent ia l  express ion  of 
each isoform in the rat nervous and endo- 
crine systems. All immunohis tochemica l  
data shown in the following were obtained 
with the 68477 and 80214 antisera. 

VMAT2-1mmunoreactive 
Cells and Fibers in the CNS 

Prev ious  repor t s  i n d i c a t e d  by  bo th  
Northern blot and in situ hybr id iza t ion  
h i s tochemis t ry  that  VMAT2 m R N A  is 
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Fig. 3. VMAT2-containing fibers in basal 
ganglia. Adjacent sections through rat stria- 
turn alternately stained for VMAT1 (A) and 
VMAT2 (B). Note densely packed VMAT2- 
positive nerve fibers in the ventrolateral 
portion of the striatum. VMATI-like immu- 
noreactivity is totally absent. 

expressed in all major aminergic cell bod- 
ies in the brain stem, and that VMAT1 
mRNA is absent or present only at low lev- 
els in rat central nervous system (CNS) 
(Erickson et al., 1992; Liu et al., 1992). Here, 
these results are confirmed at the protein 
histochemical level. In striatum, expression 
of VMAT2 is widespread and consistent 
with its presence in dopaminergic as well 
as serotonergic and noradrenergic nerve 
terminals in this brain region (Fig. 3). Simi- 
larly, scattered VMAT2-immunoreactive 
fibers were noted in cerebral cortex (not 
shown). Anti-VMAT2 stained cell bodies 
in aminergic cell nuclei as well as aminergic 
fibers, as shown for the representative 
serotonergic cell group located in the dor- 
sal raphe nucleus (Fig. 4). In the spinal cord, 
anti-VMAT2 stained numerous fibers in the 
ventral horn motoneuron area, probably 
both noradrenergic and serotonergic des- 
cending systems arising in the brain stem 

VM/  
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A 
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Fig. 4. VMAT2-containing brainstem amin- 
ergic cells. Localization of VMAT2 immuno- 
reactivity in the dorsal raphe nucleus shown at 
low power (A) and high power (B). Note pres- 
ence of immunoreactive VMAT2 in numerous 
cell bodies and fibers. Asterisk labels the mes- 
encephalic aqueduct. 

(Fig. 5). No cells or fibers immunoreactive 
for VMAT1 were observed in any CNS 
region examined in this study. 

VMAT-Immunoreactive 
Neuroendocrine Cells 
in the ANS 

The expression of VMAT1 and VMAT2 
by either immunohistochemistry or in situ 
hybridization histochemistry has not been 
reported for the peripheral nervous system 
(PNS), with the exception of the report by 
Mahata and coworkers of the expression 
of rat VMAT2 in putative ganglion (NPY 
mRNA-expressing) cells of the adrenal 
medulla (Mahata et al., 1993). Figure 6 
shows the differential distribution of 
VMAT1- and VMAT2-immunoreactive 
cells of the superior cervical ganglion, a clas- 
sical sympathetic peripheral ganglion. Most 
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VMAT 1 2 

A B 
Fig. 5. VMAT2-positive fibers in spinal !, 

cord. Adjacent sections of spinal ventral 
horn alternatively stained for VMAT1 (A) and ;,~ 
VMAT2 (B). VMAT2-1ike immunoreactivity is 
present in numerous fibers in the ventral horn 
motoneuron area, whereas immunostaining 
for VMAT1 is absent. 

of the principal ganglion cells are immu- 
noreactive for VMAT2 and are VMAT1- 
negative (Fig. 6). In contrast, small, intensely 
fluorescent, dopamine-containing SIF cells 
in the SCG are immunoreactive for VMAT1 
and apparently not VMAT2 (Fig. 6). SIF cells 
also stained positively for VMAT1 in the 
thyroid and laryngeal ganglia, as well as 
along the vagal nerve. 

The pineal gland represents an endocrine 
organ with sympathetic innervation from 
the SCG. Pinealocytes appear to express 
neither VMAT1 nor VMAT2 (Fig. 7). Num- 
erous nerve fibers innervating the pineal 
are VMAT2-positive, consistent with the 
VMAT2 phenotype of principal ganglion 
cells of the SCG (Fig. 7). 

VMAT Immunoreacfivity 
in the Adrenal Gland 
VMATl-immunoreact ive cells are com- 

pletely coincident with chromogranin A 

C 

Fig. 6. VMAT1 and VMAT2 expression in 
superior cervical ganglion. Differential distri- 
bution of VMAT1 (A,C) and VMAT2 (B,D) 
immunostaining in rat superior cervical gan- 
glion (SCG). Low power micrographs of adja- 
cent sections alternately stained for VMAT1 
(A) and VMAT2 (B) demonstrate the presence 
of VMAT2 in the majority of principal ganglion 
cells (B) whereas VMAT1 immunoreactivity is 
restricted to SIF cells (A). High power micro- 
graphs of the same sections shown in (A) and 
(B) demonstrate the presence of VMAT1 in SIF 
cells and their processes (C) and of VMAT2 in 
most neuronal cell bodies and fibers (D). Note 
the differences in the intensity of the immuno- 
staining for VMAT2 in the neuronal perikarya 
(B and D). VMAT2 appears to be absent from 
SIF cells. 
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Fig. 7. VMAT2 staining in pineal. Local- 
ization of VMAT2 immunoreactivity in rat 
pineal gland. VMAT2 immunostaining is pre- 
sent in numerous nerve fibers exhibiting the 
typical pattern of sympathetic innervation of 
the pineal. VMAT2 staining is absent from 
pinealocytes. 

(CGA)-positive cells in sections of adrenal 
gland, indicating VMAT1 expression in 
all chromaffin cells (Fig. 8). In addition, a 
small subpopulation of chromaffin cells 
stained positively for VMAT2 (Fig. 8C). In 
the absence of costaining it is not possible 
to make a definitive phenotypic assign- 
ment to these cells. On the basis of their 
number (10-20% of chromaffin cells in typi- 
cal sections) and morphology, these may 
be the norepinephrine-containing chro- 
maffin cells, or even a subpopulation of these 
cells. On the other hand, Mahata et al. 
identified a subpopulation of cells in the 
adrenal medulla expressing exclusively 
VMAT2 mRNA (VMAT1 by the nomen- 
clature used by these authors) as gan- 
glion cells (Mahata et al., 1993), since they 
also contained high levels of NPY mRNA 
(Schalling et al., 1988). Colocalization immu- 
nohistochemical studies will be required to 
definitively establish the phenotype of the 
VMAT2-expressing adrenomedullary chro- 

C G A  ' V M A T  1 2 

C 

Fig. 8. VMAT1- and VMAT-immunoreactive 
adrenomedullary cells. Adjacent sections of r a t  

adrenal gland alternately stained for CGA (A), 
VMAT1 (B) and VMAT2 (C). VMAT1 is pre- 
sent in all cells of the adrenal medulla staining 
for CGA, whereas VMAT2 immunoreactivity 
is restricted to small clusters of adrenome- 
dullary cells (C). 

maffin cells described here. The failure to 
detect VMAT2 transcripts in polyadeny- 
lated mRNA extracted from rat adrenal by 
Northern blot analysis (Liu et al., 1992) 
suggests that the abundance of this mes- 
sage in the chromaffin cell subpopulation 
identified here by immunohistochemistry 
is quite low. 

VMATI- and VMAT2- 
Immunoreactive 
Cell Populations 
of the Gastrointestinal Tract 

The gastrointestinal tract contains mul- 
tiple populations of aminergic neurons and 
paracrine and endocrine cells. These in- 
clude extrinsic fibers arising from cell bod- 
ies in sympathetic ganglia, aminergic and 
"amine-handling" neurons of the intrinsic 
nervous system of the gut, and serotonin- 
and histamine-containing endocrine and 
paracrine cells of the intestinal and gastric 
mucosa (reviewed by Costa et al., 1987). 
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Fig. 9. Pattern of VMAT1 and VMAT2 expression in duodenum. Adjacent sections of rat duo- 
denum alternately stained for chromogranin A (A), VMAT1 (B), and VMAT2 (C). VMAT1 
immunoreactivity is present in a major subpopulation of endocrine cells in the epithelium, which 
are known to contain CGA immunoreactivity. In contrast, VMAT2 is completely absent from the 
epithelial lining. 

Figure 9 shows adjacent sections of a 
duodenal villus in which a major sub- 
population of epithelial CGA-positive 
endocrine cells expresses VMAT1, but not 
VMAT2. In jejunum, an even larger per- 
centage of CGA-positive epithelial endo- 
crine cells are VMATl-positive, and again 
no endocrine cells stain for VMAT2, 
although VMAT2-positive nerve fibers, 
presumably of sympathetic origin, can be 
seen surrounding blood vessels in the 
submucosal region (Fig. 10). In the crypt 
epi thel ium of the colon, most of the 
CGA-positive endocrine cells are also 
VMATl-positive, and once again none are 
VMAT2-positive, although the VMAT2 
antiserum prominently stains nerve fibers 
of the myenteric plexus in the same tissue 
(Fig. 11). 

The stomach abundant ly expresses 
VMAT2 mRNA by Northern blot analysis 
(Erickson et al., 1992). In contrast to the 

intestine, in which VMAT1 and VMAT2 
expression is rather stringently restricted 
to endocrine and neuronal cells, respect- 
ively, a significant population of endocrine 
cells expressing VMAT2 exists (Fig. 12). 
These cells are found in the oxyntic mucosa 
of the stomach. Here, most if not all of the 
CGA-positive endocrine cells express 
VMAT2, with only a few cells expressing 
VMAT1. 

VMAT1- and VMAT2-immunoreactivity 
was notably absent from the histamine- 
containing mast cells, found in the lamina 
propria of the intestine and stomach. 

Discussion 

The use of antibodies unambiguously 
specific for each of the two isoforms of the 
rat monoamine transporter has allowed the 
demonstration of the differential expres- 
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Fig. 10. Pattern of VMAT1 and VMAT2 expression in jejunum. Comparative distribution of CGA 
(A), VMAT1 (B), and VMAT2 (C) in rat jejunum. Note similar number of VMAT1 (A,B) and CGA 
positive cells as revealed on alternately stained adjacent sections. VMAT2 immunostaining is 
absent from the epithelium but present in the innervation surrounding the submucosal blood ves- 
sels (C). Note in (C) the absence of VMAT staining of mast cells in basal lamina propria in which 
blood vessels are surrounded by VMAT2-positive sympathetic fibers. 
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Fig. 11. Pattern of VMAT1 and VMAT2 expres- 
sion in colon. Comparative distribution of 
CGA (A), VMAT1 (B), and VMAT2 {C) in rat 
colon. Adjacent sections (A and B) demonstrate 
that VMAT1 immunoreactivity is present in a 
major subpopulation of endocrine cells in the 
cross-sectioned crypt epithelium. In contrast, 
VMAT2 is completely absent from the crypt 
epithelium (C). Numerous VMAT2 positive 
nerve fibers are present around neuronal cell 
bodies of the myenteric plexus (C, arrows), but 
absent from crypt epithelium and from mast 

sion of these two proteins throughout the 
diffuse neuroendocrine system of the rat. 
The results of this immunohistochemical 
survey are summarized in Table 1. VMAT1 
is expressed in endocrine and paracrine 
cells, and not in neurons, whereas VMAT2 
is expressed only in neurons, with the 
exception of a small population of chroma- 
ffin cells in the adrenal medulla, and a 
rather large population of endocrine cells 
in rat oxyntic mucosa that are VMAT1- 
negative. The expression of VMAT1 and 
VMAT2 seems to be mutually exclusive 
throughout the diffuse neuroendocrine 
system, as examined thus far. 

In brain, histochemistry offers a more 
sensitive and broader survey of potential 
VMATl-expressing neurons than does in 
situ hybridization histochemistry, since the 
latter technique relies on visualization of 
cell bodies that may exist in compact cell 
groups in discrete brain regions, whereas 
nerve fibers are generally more widely dis- 
tributed throughout the brain. Neverthe- 
less, no VMATl-positive neurons could be 
detected by immunohistochemistry in any 
of the brain regions known to receive 
aminergic afferents, including cerebral cor- 
tex, basal ganglia, and spinal cord. 

VMAT1 is restricted to nonneuronal cells 
and VMAT2 to neuronal elements in the 
intestine as well. Thus, SIF cells of the 
sympathetic ganglia express VMAT1, 
whereas the principal ganglionic cells 
express VMAT2. In the intestine, VMAT2 
is restricted to nerve fibers supplying 
blood vessels and innervating ganglia of 
the myenteric and submucous plexus. 

cells of the lamina propria. Note single gang- 
lion cell of Meissner's (submucous) plexus with 
VMAT2-positive fibers and unstained cell soma. 
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Fig. 12. VMAT1- and VMAT2-immunoreactive cells of the stomach mucosa. Differential distri- 
bution of VMAT1 (A) and VMAT2 (C) in comparison to that of CGA (B and D) in rat oxyntic 
mucosa. VMAT1 immunoreactivity (A) is present in very few endocrine cells, whereas the adja- 
cent section (B) demonstrates numerous CGA-positive endocrine cells. In contrast, the number of 
cells with VMAT2 immunoreactivity (C) demonstrates full overlap with CGA-immunoreactive 
endocrine cells, as shown in the adjacent section (D). The pairs of adjacent sections (A and B) and 
(C and D), respectively, are from the same stomach regions. 

These fibers are presumably  of extrinsic 
sympathet ic  origin. VMAT1 is restricted 
to endocr ine/paracr ine  cells of the intesti- 
nal mucosa. 

No excep t ions  to the res t r ic t ion  of 
VMAT1 expression to non-neuronal endo- 
crine cells were noted in our survey. How- 
ever, there are two notable exceptions to 
the restriction of VMAT2 expression to 
neurona l  vs e n d o c r i n e / p a r a c r i n e  cells. 
These are the subpopulat ion of VMAT2- 
expressing chromaffin cells in the adrenal 
medulla,  and the population of VMAT2- 
positive, CGA-positive endocrine cells of 
the oxyntic mucosa of the rat stomach. The 
former may represent a population of incom- 
pletely endocrine-differentiated cells, since 

the adrenal medulla  does possess within 
its chromaffin cell complement  neuronal  
precursors that can exhibit a full neuronal 
phenotype in response to stimulation with 
nerve growth factor (Doupe et al., 1985). 
The latter may represent one or both of the 
p o p u l a t i o n s  of h i s t a m i n e - c o n t a i n i n g  
enterochromaff in  cells ident i f ied in this 
region of the gut as "histaminocytes" (Soll 
et al., 1981). 

It is curious that VMAT immunoreac-  
tivity is not observed in mast cells, inasmuch 
as rat tissue mast cells store and release 
vesicle-bound histamine as well as 5-HT 
(Purcell et al., 1989). Perhaps VMAT2 or 
VMAT1 are expressed in mast cells at very 
low levels and are undetectable  by  the 
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Table 1 
Summary of VMAT1 and VMAT2 

Distribution in the Rat 

Cell type, Cell type, 
Tissue VMAT1 VMAT2 

Brain None observed Neuron 
Pineal None Sympathetic 

nerve fibers 
Superior SIF cell Postganglionic 

cervical sympathetic 
ganglion neurons and 

fibers 
Adrenal Chromaffin, all Chromaffin 

cell 
subpopulation 

Intestine Endocrine, Extrinsic 
CGA ÷ sympathetic 

fibers 
Stomach Few endocrine, Oxyntic 

CGA ÷ endocrine 
cells and 
extrinsic 
sympathetic 
fibers 

immunohistochemical methods and rea- 
gents used here. Alternatively, a third 
VMAT isoform sharing C-terminal epi- 
topes with neither VMAT1 nor VMAT2 
may mediate histamine transport into mast 
cell granules. Finally, mast cells may not 
require a vesicular transporter for the for- 
mation of histamine-containing secretory 
granules. Experiments designed to distin- 
guish among these three possibilities are 
underway. 

The organismic purposes served by the 
existence and differential expression of two 
isoforms of the vesicular  monoamine  
transporter could include the following. 
First, the two isoforms may exist to impart 
selective functional properties to different 

cell types. Thus, neurons may require the 
kinetic propert ies of VMAT2, e.g., the 
slightly greater reported affinity for 5-HT 
than VMAT1 (Peter et al., 1994). The report- 
edly much greater affinity of VMAT2 for 
histamine (Peter et al., 1994) may explain 
the expression of the latter isoform in the 
histamine-containing oxyntic cells of the 
gastric mucosa, albeit a similarly high 
apparent affinity of VMAT2 for histamine 
was not observed by other workers (Erick- 
son and Eiden, 1993). Second, VMAT1 and 
VMAT2 may possess different targeting 
signals for the large (up to 200) dense 
vesicles of endocrine cells compared to the 
medium (~70 nm) dense-cored and small 
(~50 nm) clear synaptic vesicles of neurons 
(Gordon-Weeks, 1988). In this regard, it 
will be of interest to examine by electron 
microscopy the vesicle sizes in chromaffin 
and oxyntic mucosal endocrine cells that 
express VMAT2, as reported for VMAT2 
in the CNS (Nirenberg et al., 1994). Finally, 
two isoforms of the vesicular monoamine 
transporter could provide two patterns of 
genetic regulation of this gene product, 
allowing multiple lineages of neuroendo- 
crine cells to separately coregulate expres- 
sion of monoamine transporter and other 
neuronal and endocrine cell-specific pro- 
teins. Thus, if mutually exclusive trans- 
activation mechanisms exist for expression 
of other endocrine- and neuron-specific 
genes, their coordinate expression with 
VMAT would necessitate two modes of 
transactivation of VMAT, and two VMAT 
genes. As observed thus far, all cells 
expressing either VMAT1 or VMAT2 also 
express CGA. It remains to identify endo- 
crine- vs neuron-specific gene products and 
to determine if their differential expression 
involves proteins that are also differential 
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t ransact ivators  of VMAT1 and VMAT2 
gene transcription. 

Testing each of these hypotheses in the 
developing and mature rat neuroendocrine 
system should provide some further in- 
sight into the ontogeny and function of 
monoaminergic endocrine, paracrine and 
neuronal cells. For the moment,  the desig- 
nation of VMAT1 and VMAT2 as "per- 
ipheral" and "central" (Nirenberg et al., 
1994) isoforms of the vesicular monoam- 
ine transporter may be discarded in favor 
of a dis t inct ion based on expression of 
VMAT1 in endocrine/paracr ine cells and 
VMAT2 in neurons, with perhaps a further 
distinction to be made between histamin- 
ergic and aromatic aminergic endocrine 
cells on the basis of VMAT2 and VMAT1 
expression, respectively. 
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