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VGF is the designation for a new 712 amino acid protein, 
regulated by nerve growth factor (NGF) in PC12 cells, that 
has not been previously described in the CNS. Northern blot 
analysis with a nick-translated VGF cDNA probe revealed a 
single band of mRNA in the brain with a molecular weight 
identical to that found in PC1 2 cells. The current paper pre- 
sents a series of immunocytochemical studies of VGF 
expression with a focus on the hypothalamus. Two different 
antisera were raised against nonoverlapping amino acid se- 
quences of a bacterial-expressed protein from the VGF gene 
cloned from PC12 cells. VGF immunoreactivity is strongly 
expressed in the rat suprachiasmatic nucleus (SCN), partic- 
ularly in the dorsomedial part of the nucleus. The adminis- 
tration of colchicine to block axonal transport facilitates de- 
tection of the VGF immunoreactivity also in the ventrolateral 
suprachiasmatic nucleus. This protein appears to be the first 
one of limited neuronal distribution which is found in both 
dorsomedial SCN and ventrolateral SCN. lmmunostaining of 
serial 1 Mm SCN sections reveals co-localization of VGF in 
cells which also contain vasopressin or vasoactive intestinal 
polypeptide. Weaker immunoreactivity is also found in the 
magnocellular paraventricular and supraoptic nuclei, where 
the VGF immunoreactivity co-localizes with oxytocin or va- 
sopressin. Mutant Brattleboro rats which do not express va- 
sopressin showed strong VGF immunoreactivity both in the 
dorsomedial SCN and in cells of the magnocellular neuronal 
systems, including cells which normally express vasopres- 
sin. When axonal transport of the protein is blocked by col- 
chicine, VGF-immunoreactive cells in the hypothalamic 
arcuate, parvocellular paraventricular, and tuberomammil- 
lary nuclei can also be detected, in addition to weakly im- 
munoreactive scattered cells in the hippocampus, amyg- 
dala, thalamus, and cortex. 

VGF immunoreactivity is strong in the axonal projections 
of SCN and weak in the axons of the paraventricular and 
supraoptic nuclei. With ultrastructural studies, VGF immu- 
noreactivity is found in presynaptic boutons in the SCN and 
in axons in the neurohypophysis. Weak axonal staining is 
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present in some regions of the hypothalamus and in the 
external and internal zones of the median eminence. Im- 
munoreactivity is absent from the intermediate lobe of the 
hypophysis. 

In neonatal rats strong VGF immunoreactivity is found 
throughout the SCN at postnatal day 4 but not in the adjacent 
hypothalamus. VGF immunoreactivity is also seen in other 
areas of the brain in neonatal rats, including the lateral ge- 
niculate nucleus; while the staining in the dorsal lateral ge- 
niculate disappears in the adult, that in the intergeniculate 
leaflet, a visual center which projects to the SCN, remains. 

Because VGF is dramatically increased by nerve growth 
factor via nerve growth factor receptors (NGF-R) in PC12 
cells, we examined the hypothalamus for NGF-R. Strong im- 
munoreactivity was found in the ventrolateral SCN, in the 
same region which receives axonal input from the retina and 
intergeniculate leaflet. No cellular co-localization of VGF and 
NGF-R immunoreactivity was found in the hypothalamus. 
These results suggest that the VGF expression in some cells 
may be regulated by NGF but may not require NGF for 
expression in the adult CNS. 

The sequenced VGF gene shows no striking homology to 
any other protein. However, given the strong expression of 
VGF in the SCN, a putative biological clock in mammals, it 
is of speculative interest that a modest similarity in amino 
acid sequence exists with the Drosophila biological rhythm 
protein per. 

This is the first study reporting VGF immunoreactivity in the 
CNS, where it appears to be selectively expressed in a limited 
number of neuronal systems, with the strongest immunostaining 
in the hypothalamus. Antisera were generated against proteins 
made by expression of the VGF mRNA in bacteria. The present 
study focuses on VGF protein in the hypothalamus, particularly 
the suprachiasmatic nucleus (SCN) and in the nearby magno- 
cellular paraventricular (PVN) and supraoptic nuclei (SON), as 
described in a preliminary report (van den Pol et al., 1988). 

The SCN has been suggested as an important circadian os- 
cillator in the mammalian brain. That it may drive physiolog- 
ical, behavioral, and endocrine rhythms has been suggested by 
a variety of experiments, including studies using lesions (Moore 
and Eichler, 1972; Stephan and Zucker, 1972; van den Pol and 
Powley, 1979) electrophysiology on the nucleus isolated from 
afferent modulation (Inouye and Kawamura, 1979; Groos and 
Hendriks, 1982) and metabolic studies with 2-deoxyglucose 
and protein synthesis (Schwartz and Gainer, 1977; van den Pol, 
1981). The magnocellular neurons of the PVN and SON have 
axons terminating in the neurohypophysis which release the 
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neurohormones oxytocin and vasopressin into the vascular sys- 
tem and mediate a number of endocrinological events. 

Nerve growth factor (NGF) is required for the maturation and 
maintenance of sympathetic and sensory neurons in the PNS 
(Levi-Montalcini and Angeletti, 1968). In the PC12 cell line, 
derived from adrenal medullary pheochromacytoma, addition 
of NGF elicits the growth of long-branched neurites (Greene 
and Tischler, 1976). Part of the neuronal response to NGF 
appears to be at the level of induction of messenger RNA (Bur- 
stein and Greene, 1978) and several studies have examined the 
influence of NGF-on messenger RNA in responsive cells by 
screening for novel or induced mRNA (Anderson and Axel, 
1985; Levi et al., 1985; Leonard et al., 1987). The present paper 
focuses on one unique protein whose expression is greatly in- 
duced by NGF: when NGF was given to the adrenal chromaffin 
PC12 cell line, within 5 hr a 50-fold increase in a novel mes- 
senger RNA, called VGF, was found and the gene isolated with 
the use of a cDNA library of about 5000 clones (Levi et al., 
1985). The VGF gene sequence appears to be a unique one and 
bears no significant similarity to sequences available in the Na- 
tional Sequence Data Bank (1988). Given the role of the SCN 
in circadian rhythms, it is of some speculative interest here that, 
allowing substitution of related amino acids, the amino acid 
sequence of VGF deduced from the cDNA sequence shows a 
small similarity with the circadian clock protein of Drosophila 
(Jackson et al., 1986; Citri et al., 1987). 

Recent evidence finding immunostaining of NGF receptors 
(NGF-Rs; Hefti et al., 1986; Batchelor et al., 1987; Yan and 
Johnson, 1988), binding of radiolabeled NGF (Raivich and 
Kreutzberg, 1987), messenger RNA coding for NGF (Ayer- 
LeLievre et al., 1988), and physiological effects of NGF in the 
CNS (Honegger and Lenoir, 1982; Gnahn et al., 1983; Williams 
et al., 1986; Gage et al., 1988) raises the possibility that NGF 
may participate in development and maintenance of certain 
neurons in the CNS. One of the questions asked in the present 
study is whether NGF-R and VGF immunoreactivity are in the 
same cells, a necessary prerequisite if VGF mediates the phys- 
iological effects of NGF. 

Materials and Methods 
Antisera. The amino acid sequence of the VGF protein (Fig. 1) was 
deduced from the complete cDNA sequence of the VGF gene (Levi et 
al., 1985). Northern blots of total RNA run on a formaldehyde gel from 
NGF-induced and noninduced PC 12 cells and from brain were exam- 
ined with radiolabeled VGF cDNA to determine the identity and level 
of expression of the VGF mRNA in brain using methods described in 
detail elsewhere (Levi et al., 1985). 

Figure 1. Deduced amino acid se- 
quence of the VGF protein. While no 
strong similarities were found in com- 
paring the VGF sequence to several 
thousand other proteins in the NBRF 
sequence bank, one of the strongest 
similarities was with the per clock pro- 
tein of Drosophila. This was 38%, al- 
lowing substitution of amino acids. 
However, computer randomization of 
the VGF sequence, followed by com- 
parison with per, still showed a 30% 
similarity, suggesting that part of the 
similarity was due to composition of 
amino acids rather than the more im- 
portant sequence of amino acids. 

Two different and nonoverlapping segments of the VGF open reading 
frame were fused into the &galactosidase (@gal) E. coli bacterial gene. 
One segment included the amino acid sequence from 80 to 340, and 
the other the amino acid sequence from 443 to 588. The bacteria then 
made the translation product of the cDNA gene fusion. After gel pu- 
rification, the 2 protein fragments were injected into different rabbits 
to produce antisera. Antisera made against these 2 protein fragments 
are-designated as VGF80 and VGF443, respectively. The designation 
of “VGF’ for the nrotein is based on the alphabetical code used during 
the isolation of this particular cDNA clone-and has no mnemonic rep- 
resentation. More details of the cloning and expression of these vectors 
will be presented elsewhere (A. Levi et al., unpublished observations). 

Immunostaining procedure. Twenty-five albino or pigmented male 
and female adult rats were used for the immunostaining experiments 
described here. Animals were given an overdose of Nembutal anesthetic 
and perfused through the heart with physiological saline followed by 
aldehyde fixative. The fixative contained 4O/a freshly made paraformal- 
dehyde with up to 0.1% glutaraldehyde. Higher concentrations of glu- 
taraldehyde inhibited the immunostaining, even if tissue was subse- 
quently treated with sodium borohydride. 

Coronal sections, 30-50 pm, were cut on a Vibratome, washed in 
phosphate buffer, treated with 1% sodium borohydride for 30 min, and 
incubated in primary antiserum at a dilution of 1: 1000 to 1:4000. Some 
sections were then stained with the PAP method of Stemberger (1986), 
using a secondary link antiserum of swine anti-rabbit IgG (1: 1000) from 
Dako, and peroxidase-antiperoxidase (1: 1000) also from Dako. Other 
sections were stained with a biotinylated secondary antiserum and the 
ABC complex of Hsu et al. (198 1) from Vector Labs. The diaminoben- 
zidine (DAB) reaction was sometimes intensified by the addition of 
nickel salt. To further increase visibility of DAB reaction product, im- 
munostained cells and processes were sometimes intensified with silver 
(Gallyas and Merchenthaler, 1988). Some sections were stained with 
silver-intensified 1 nm colloidal gold (Janssen) adsorbed to secondary 
goat anti-rabbit serum (van den Pol, 1985). Additional brains were 
embedded in paraffin, and 7 tirn sections were cut, put on gelatin-coated 
slides, and stained with the PAP or ABC methods. - 

To comnare the distribution of VGF with other known nentides in 
the SCN, PVN, and SON, immunostaining for additional peptides was 
compared with that seen with VGF. These included vasopressin, oxy- 
tocin, neurophysin (gift of Dr. Michael Sofroniew or purchase from 
Immuno Nuclear Corp.), vasoactive intestinal polypeptide (Immuno 
Nuclear Corp.), and gastrin-releasing peptide (Peninsula). Details of the 
peptide antisera specificity and immunostaining procedures have been 
given elsewhere (Sofroniew and Weindl, 1978, 1980; van den Pol and 
Tsujimoto, 1985; van den Pol, 1986). 

A monoclonal antibody against the NGF-R (gift from E. Johnson and 
E. Shooter; Chandler et al., 1984) was used to look for anatomical 
correlations with VGF immunoreactivity. Specificity and characteriza- 
tion of this antibody are discussed in detail elsewhere (Chandler et al., 
1984; Yan and Johnson, 1988). 

Colchicine administration. Some rats were given an injection of col- 
chicine (30 mg/kg body weight) with a Hamilton microsyringe into the 
CSF of the lateral ventricle to block axonal transport. Thirty hours later, 
animals were given an overdose of anesthetic and perfused as described 
above. Thirty micron Vibratome sections or thin paraffin sections were 
cut from the brains of these rats. 
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Figure 2. A, Northern blot from formaldehyde gel electrophoresis shows RNA from PC12 cells induced by 2.5 s NGF (100 rig/ml), compared 
with noninduced PC1 2 cells, brain, liver, and uterus, detected with radiolabeled nick-translated VGF cDNA. To increase the probability of detecting 
VGF mRNA in organs containing only small amounts, RNA from brain, liver, and uterus was purified by poly A+ selection. No VGF mRNA was 
found in liver or uterus, but it was detected in brain. B. Antibodies made against the gene product expressed by a fusion of the VGF gene to the 
Lac Z gene stains a doublet of proteins on a Western blot. The doublet is strongly expressed after NGF stimulation (+) and weakly expressed in 
nonstimulated (-) cells. 

Brattleboro rats. In addition to normal pigmented and albino rats, 3 
male Brattleboro rats which have a vasopressin gene defect (Schmale 
and Richter, 1984; Majzoub et al., 1987) and do not express immu- 
nostainable vasopressin or its associated neurophysin were used for 
immunostaining of the VGF protein. 

Neonatal rats. To study the expression of the VGF protein in neonatal 
rats, 4-d-old rat brains were fixed and cut in 30 Nrn sections. The mom- 
ing of birth was considered day 0. 

Electron microscopy. Vibratome sections intended for electron mi- 
croscopy were treated with 1% osmium tetroxide, 2.5% uranyl acetate, 
dehydrated through alcohol and acetone, and embedded in Araldite. 
Ultrathin sections were saved on mesh or Formvar-coated single-slot 
grids and viewed in a Philips 201 electron microscope. 

Co-localization immunocytochemistry. To study what neuroactive 
substances might be co-localized in the same neurons that were im- 
munoreactive for VGF, tissue from colchicine-treated rats was used. 
Paraffin sections, 1 pm, were cut on a Reichert ultramicrotome with 
glass knives. Serial adjacent semithin sections were stained for different 
antigens known to be present in the particular area of interest. Single 
cells were then identified and photographed, and immunoreactivity for 
different antigens was compared. Cells were not counterstained because 
Nissl stains often decrease the visibility of the light reaction product. 
Differential interference contrast imaging facilitated visualization of other 
landmarks around immunoreactive cells. 

Immunostaining controls. As the VGF cDNA was constructed in 
series with the gene for ,&gal, the proteins produced by the resultant 

mRNA contain both the amino acid sequence for ,&gal and for the 
respective partial sequence of VGF. Several control experiments were 
performed to ensure that the antisera did not bind to p-gal or some 
amino acid sequence with homology to ,&gal in the brains used. Purified 
P-gal (0.33 mg/ml; Sigma) was incubated with antisera diluted 1:3000 
overnight before antisera was used for immunostaining. Additionally, 
a crude bacterial homogenate of the K12 strain of E. coli containing 
P-gal and other bacterial proteins was mixed with the VGF antisera to 
further test the possibility of cross-reacting antisera. The concentration 
of soluble extract was 200 &ml of diluted antisera. A different anti- 
serum (gift of Dr. Peter Tattersall) made against a p-gal fusion product 
to lambda cro (Cotmore and Tattersall, 1986), a bacteriophage gene 
unrelated to the VGF gene, was used to stain the same areas of brain 
where positive immunostaining was obtained with VGF antisera. 

Results 
To determine the relative amount of VGF mRNA in brain, we 
compared NGF induced and noninduced PC1 2 cells with brain. 
The mRNA found in brain had the same molecular weight as 
that in PC12 cells (Fig. 24. Both antisera against the VGF 
translation product stained a doublet of proteins of roughly 
90,000 and 75,000 Da, as shown in the Western blot probed 
with peroxidase-labeled antibodies (Fig. 2B). The lower-molec- 



ular-weight band is probably a posttranslational cleavage prod- 
uct of the larger molecule, based on pulse-chase experiments 
with radiolabeled proline and on the expression of 2.similar- 
weight proteins in E. coli which were transfected with the com- 
plete VGF cDNA (Levi et al., unpublished observations). The 
amino acid sequence of the VGF protein, deduced from the 
gene sequence is shown in Figure 1. The protein contains 7 12 
amino acids, a high percentage of proline (13%), and a number 
of arginine-arginine and arginine-lysine pairs, possible sites of 
proteolytic cleavage for reduction of VGF protein to smaller 
peptides. 

SCN. A large number of neural loci were examined, including 
the hypothalamus, thalamus, hippocampus, cortex, septum, 
striatum, mesencephalon, and spinal cord. The most intense 
immunoreactivity with antisera against both of the nonover- 
lapping amino acid sequences of the VGF protein was found in 
the hypothalamic SCN. The greatest concentration of immu- 
noreactive cells was found in the middle and caudal part of the 
nucleus, where cells were located primarily in the dorsomedial 
region of the SCN tFig. 3A). In the rostra1 part of the nucleus, 
a few immunoreactive cells were detected above the optic chiasm. 
Similar results were obtained in horizontal sections (Fig. 3C); 
immunoreactive cells were found primarily in the medial aspect 
of the dorsal part of the nucleus (Fig. 3, A, B), with the long 
axis of the perikaryon running parallel to the third ventricle. 

In addition to stained perikarya (Fig. 38), thin axons were 
seen both within the nucleus and leaving the nucleus, particu- 
larly in a dorsocaudal direction. High densities of immuno- 
reactive axons were seen in the periventricular area throughout 
the hypothalamus, and particularly in dorsal regions in the area 
of the paraventricular nucleus. Immunoreactive axons were seen 
in the major projection areas of SCN (Watts et al., 1987), in- 
cluding the medial preoptic area, lateral hypothalamus, dorso- 
medial nucleus, ventral lateral septum, and bed nucleus of the 
stria terminalis. Both males and females showed positive im- 
munoreactivity. 

Magnocellular PVN and SON. Perikarya of the PVN and SON 
showed a weaker positive immunostaining than seen in the SCN. 
The intensity of the immunostaining reaction product at the 
cellular level appeared slightly different with the 2 antisera. At 
low concentrations, the VGF443 antiserum stained predomi- 
nantly perikarya and occasional thick dendritic processes (Fig. 
4B), while the VGF80 appeared to stain a higher number of 
isolated thick dendritic processes ventral to the SON (Fig. 4A) 
and within the lateral paraventricular nucleus in addition to 
perikarya. VGF immunoreactive neurons were found scattered 
throughout regions of the PVN rich in large cells (Fig. 4C). 
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As with cells of the SCN, some neurons of the PVN and SON 
stained strongly, and others weakly (Fig. 4, A, B). In 30+m- 
thick sections, the intensity of staining appeared heterogeneous. 
TQ determine whether this cellular heterogeneity was due to 
antiserum penetration into thicker sections or to real differences 
in the amount of antigen, we examined thinner 7 and 1 pm 
sections. A clear difference in staining intensity was seen in 
adjacent neurons examined at the level of each cell’s nucleus. 
This was a reliable finding in that when serial 1 pm sections of 
the same cells were examined, weakly stained cells were con- 
sistently weak and strongly stained cells were consistently stained 
intensely. 

With peroxidase immunocytochemistry, the large neurose- 
cretory axons of the PVN and SON which leave the respective 
nuclei and innervate the neurohypophysis were not detected. 
When an antiserum against neurophysin was substituted for 
VGF antisera, the large neurosecretory axons were readily iden- 
tified. With VGF antisera, the neurohypophysis was immuno- 
reactive, particularly in contrast to the absence of staining in 
the adjacent intermediate lobe of the pituitary (see Fig. 6F) from 
the same section. Since the finding of immunoreactivity in the 
neurohypophysis seemed incompatible with the absence of the 
antigen from the axons arising in the magnocellular neurons and 
terminating in the neurohypophysis, we also tried silver inten- 
sification of the peroxidase reaction product, which is more 
sensitive than peroxidase alone and may facilitate detection of 
smaller levels of endogenous antigen. With silver immunostain- 
ing with VGF antisera, the large axons of the PVN were de- 
tectable leaving the nucleus and were also found in the region 
around the fomix where they occur before turning ventrally and 
proceeding to the neurohypophysis. Immunoreactivity sugges- 
tive of axonal expression was found in the superficial zone of 
the spinal cord, in the same region where oxytocin and vaso- 
pressin fibers from the PVN can be found (Swanson and 
McKellar, 1979), and in other regions of the cord. 

Other hypothalamic areas. Immunoreactivity was also seen 
in some other neuronal perikarya in the hypothalamus. The 
large neurons of the accessory magnocellular nuclei, roughly 
distributed in the hypothalamus between the paraventricular 
and ipsilateral SON, were labeled (Fig. 5E). Additionally, some 
of the parvocellular neurons in the medial areas of the PVN 
were stained. Also labeled were cells in the immediate retro- 
chiasmatic region, as were a few cells of the arcuate nucleus 
(Fig. 5A). 

Axonal transport block. When colchicine was infused into the 
lateral ventricle, a dramatic increase in the labeling of cell bodies 
in immunoreactive areas was apparent. The increase in labeling 

Figure 3. VGF immunoreactivity in SCN. A, Strong VGF immunoreactivity is found in the dorsomedial SCN on both sides of the third ventricle 
in a coronal section. Scale bar, 140 pm. B, Higher magnification of dorsomedial SCN showing labeled cells (arrows) and fibers. Scale bar, 40 pm. 
C, Dense immunoreactivity is seen along the third ventricle (bottom) in this horizontal section of the SCN. Scale bar, 110 pm. D, No immunoreactivity 
is seen in control section stained with lambda cro+galactosidase @gal) antibodies. 3v third ventricle. Scale bar, 125 pm. E, Positive staining 
is found with lambda cro-@-gal at border of anterior lateral hypothalamus (Uf). Scale bar, 50 pm. 

Figure 4. Immunoreactivity of antisera against different sequences of VGF. A, The VGFSO sequence stains supraoptic neurons and dendrites 
particularly in the ventral lamina of the SON. Scale bar, 55 pm. B, VGF443 stains cells in the same area. Intensity of reaction product is heterogeneous 
in all areas where cells stain positive. C, Strong immunostaining of axons found running from the dorsocauclal SCN to PVN (arrows). Scale bar, 
300 pm. D-G, Colchicine treatment. D, VGF immunoreactivity is found in many more cells after colchicine than in nontreated tissue. Immuno- 
reactive neurons appear not only in the dorsomedial SCN but also in the ventrolateral SCN, and they are even found embedded in the optic chiasm. 
Scale bar, 120 Mm. E and F, The number of immunoreactive cells in the PVN and SON increases greatly after cochicine treatment. Scale bar, 110 
pm. G, Cells in the posterior SON are not easily seen in nontreated tissue but stain darkly after colchicine treatment. Scale bar, 90 pm. 
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intensity tended to reduce the cellular heterogeneity of staining 
intensity found in non-colchicine-treated rats in the SCN, PVN, 
and SON. 

VGF immunoreactive cell bodies were most apparent in the 
dorsomedial part of the SCN in untreated rats, but with col- 
chicine treatment, immunoreactive cells were identified 
throughout the ventral SCN (Fig. 40), often embedded in the 
dorsal aspect of the optic chiasm. In the PVN and SON, the 
number of immunoreactive neurons increased to the point that 
most magnocellular neurons (Fig. 5B) and some of the smaller 
neurons (Fig. 5B) in the medial PVN were labeled with each of 
the 2 antisera. The high proportion of immunoreactive mag- 
nocellular neurons was most clearly seen in thin paraffin sections 
(Fig. 5B) and was less obvious in thick Vibratome sections (Fig. 
4, E, F). VGF immunoreactivity appeared in magnocellular 
regions of the SON and PVN where both oxytocin and vaso- 
pressin were found. 

When axonal transport was blocked by colchicine adminis- 
tration, a striking increase in the number of immunoreactive 
cell bodies was found in the arcuate nucleus (Fig. 5, A, C, D), 
as well as in the caudal dorsomedial hypothalamus and in the 
tuberomammillary nucleus (5, C, D), as defined by Ericson et al. 
(1987). 

Although the intensity of immunostaining appeared strongest 
in the hypothalamus, immunoreactivity was also found in other 
restricted regions of the brain, including the thalamus, hippo- 
campus, cortex, amygdala, bed nucleus of the stria terminalis, 
pallidum, medial preoptic area, and habenula. A diffuse im- 
munoreactivity suggestive of axons was found in the substantia 
nigra, with the greatest concentration of labeling in the medial 
part of the pars reticulata and less in the lateral part. When 
colchicine was given to block axonal transport, a stronger im- 
munoreactivity was found in neurons of all regions outside the 
hypothalamus where immunoreactivity was found in nontreat- 
ed rats. 

Hypothalamic axons. Axons were densely labeled in the area 
between the SCN and PVN (Fig. 4C). Immunoreactive axons 
were also seen in the arcuate nucleus and in the median em- 
inence in both the external lamina and in the internal lamina 
(Fig. 6A). Small immunoreactive axons were prevalent in the 
dorsomedial hypothalamus but were found in smaller numbers 
in the ventromedial hypothalamus (Fig. 6B). In the periventricu- 

lar hypothalamus, axons were found which maintained boutons 
near selected unstained cells (Fig. 6C); some axons were very 
thin, while others were much thicker and intensely immuno- 
reactive (Fig. 60). Dorsal to the SCN, large numbers of im- 
munoreactive axons were detected (Fig. 6E). 

Ultrastructural immunocytochemistry. VGF immunoreactiv- 
ity was studied in the dorsomedial SCN after peroxidase im- 
munostaining. Immunoreactivity was found in small neuronal 
cell bodies which contained organelle-poor cytoplasm (Fig. 7A), 
similar to previous studies on the morphology of neurons in 
this area of the SCN (van den Pol, 1980). The detectable reaction 
product did not appear to be associated with any particular 
organelle, but rather was found distributed throughout the cy- 
toplasm; nuclei were not labeled. Reaction product was found 
in high concentrations in axonal boutons making synaptic con- 
tact with other dendrites and perikarya (Fig. 7, C, D). Immu- 
noreactive boutons contained small clear vesicles and generally 
had some medium-size dense-core vesicles in them. Immuno- 
reactivity was not found in glial cells. In the neural lobe of the 
pituitary, immunoreactivity was found in the large axons of 
magnocellular neurons which contained large neurosecretory 
granules (Fig. 7B) and in some smaller axons which contained 
dense-core granules, as well as smaller clear vesicles. 

Rats with vasopressin gene defect. The hypothalami of Brat- 
tleboro rats were examined after immunostaining. As expected 
from previous papers, vasopressin cells in the dorsomedial SCN 
of homozygous Brattleboro rats could not be detected with anti- 
serum against the vasopressin-neurophysin antigen (Fig. 8B) 
but could be detected in other normal nonhomozygous rats of 
the same age and Long-Evans strain (Fig. 8C’). On the other 
hand, in the homozygous Brattleboro rat, VGF immunoreac- 
tivity was found in the dorsomedial SCN (Fig. 8A) and through- 
out the SON and PVN, including regions where high densities 
of vasopressin-containing cells would normally be found, such 
as in the ventral SON and the core of the lateral PVN, as defined 
by Armstrong et al. (1980), and also called the dorsolateral part 
of the posterior PVN according to Swanson and Sawchenko 
(1983). Positive immunostaining was found with both the VGF80 
and the VGF443 antisera. No readily detectable differences were 
found in the general distribution of VGF when vasopressin- 
gene-deficient rats were compared with normal rats. 

Co-localization. Serial 1 pm paraffin sections were stained 

Figure 5. Colchicine treatment- hypothalamus. A, An increase in the number of immunoreactive cells is found in the ventrolateral area of the 
arcuate nucleus (VL-ARC). Scale bar, 40 pm. B, In paraffin sections of PVN, most of the large magnocellular neurons are labeled after colchicine 
treatment. Additionally, some of the smaller parvocellular neurons in the medial PVN (right) are labeled. Scale bar, 45 pm. C, In the caudal 
hypothalamus, labeled cells are found after colchicine treatment (bar, 200 pm), particularly in the tuberomammillary nucleus (TM), and arcuate 
nucleus (ARC) but not (D) in the adjacent ventral premammillary area (V-PREMAM). 3V, third ventricle. Scale bar, 125 pm. E, Neurons in the 
accessory magnocellular groups of cells are immunoreactive with VGF. Scale bar, 2 1 pm. 
Figure 6. VGF immunoreactive axons. A, In the arcuate nucleus (ARC) and adjacent median eminence (ME), immunoreactive axons (hollow 
arrows) are seen. A few weakly immunoreactive cells are seen in the arcuate nucleus (black arrows). Scale bar, 40 pm. B, The density of VGF 
immunoreactive axons is much greater in the dorsomedial hypothalamus (DMH) than in the immediately adjacent ventromedial hypothalamus. 
Border between the 2 areas is indicated by m-rows. Scale bar, 35 gm. C, Small axons in the periventricular area ventral to the PVN exhibit terminal 
boutons (hollow arrow) and appear to surround 2 cell bodies (black arrows). Scale bar, 30 brn. D, Within the periventricular area both thick (black 
arrow) and fine (hollow arrowsi axons are found. Scale bar, 3d pm. E, Axons dorsal to the SCN often are found running from the SCN toward the 
PVN (direction ofarrows). Scale bar, 30 pm. F, VGF in pituitary. Only the neural lobe is immunoreactive for VGF, while the intermediate and 
anterior lobes are not labeled. Scale bar, 60 pm. 
Figure 7. VGF immunoreactivity ultrastructure. A, A neuron (N2) in the SCN contains VGF immunoreactivity as shown by the peroxidase 
reaction product. A second neuron (N) does not show any reaction product. The long axis of these organelle-poor neurons is generally oriented in a 
rostrocaudal axis. Scale bar; 1.53 pm. B, Two large axon terminals in the neurohypophysis labeled with peroxidase are immunoreactive for VGF, 
while an adjacent axon (arrow) shows no immunoreactivity. Scale bar, 830 nm. VGF-immunoreactive axonal bouton (Ax) makes synaptic contact 
(arrow) with a perikaryon (PER) (C, scale bar, 450 nm) or with a dendrite. (DEN) in the SCN (D, scale bar, 500 nm). NU, nucleus. 
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Figure 8. VGF in Brattleboro rat. A, Strong VGF immunoreactivity is seen in the dorsomedial SCN of a Brattleboro rat (DI, diabetes insipidus). 
II, In control sections of mutant rat, vasopressin-neurophysin (VP) immunoreactivity is not seen in the SCN, as expected, but is seen in a normal 
(+ +) rat of the same strain. Scale bar, 100 pm. OC, optic chiasm. 

with different antisera, and co-localization of VGF and peptide 
immunoreactivity was studied. To increase immunoreactivity 
in cells expressing low levels of antigen, colchicine was used to 
block axonal transport. In the SCN as expected from the strong 
VGF immunoreactivity in the dorsomedial SCN, VGF co-lo- 
calized with vasopressin (Fig. 9, C, D). In the ventrolateral SCN, 
cells which were immunoreactive with VGF (Fig. 9B) also were 
immunoreactive for vasoactive intestinal polypeptide. In both 
sets of pairs, more cells were stained with VGF than with the 
peptide antisera. In the PVN and SON, VGF immunoreactivity 
was found in cells which were immunoreactive for both oxytocin 
or vasopressin (Fig. 9, E-H). In the SCN, PVN, and SON there 
appeared to be a positive correlation between staining intensity 
for VGF and the other antigen co-localized in the same cell. 

VGF expression in SCN and other visual regions in developing 
rats. Strong immunoreactivity was found in the SCN of neonatal 
rats 4 d after birth (Fig. 10B). The staining pattern was note- 
worthy in that cells of both the dorsomedial and ventrolateral 
regions were immunoreactive, with the dorsomedial region ex- 
pressing a stronger level of immunoreactivity. Immunoreactiv- 
ity was also seen in magnocellular areas of the PVN and SON, 
but the staining level was much less than in the SCN. 

Strong staining was found in cells of the thalamic nuclei (tha- 
lamic atlas of Caviness and Frost, 1980) including the dorsal 
lateral geniculate (Fig. 1OA) and ventrobasal complex. These 
areas all showed relatively little staining in the adult, while cells 
of the intergeniculate leaflet did show immunoreactivity in the 
adult (Fig. 1OC). The thalamic gelatinosa nucleus was also im- 
munoreactive, both in the neonate and adult. In both adult and 
neonatal rats, scattered neurons were found throughout the hip- 
pocampus in regions where interneurons are normally located. 

VGF immunocytochemical controls for spec.$city. The VGF 

immunostaining of the SCN and the magnocellular neurons of 
the PVN and SON was not blocked by addition of E. coli bac- 
terial lysate to either of the 2 antisera against VGF. Similarly, 
the addition of purified P-gal did not block the immunostaining, 
indicating that the critical antigenic staining sites were not re- 
lated to the p-gal link used to detect the VGF gene sequence. 

Addition of VGF protein isolated by gel purification to the 
antisera blocked positive immunostaining in the brain (Levi et 
al., unpublished observations). Antisera made against the prod- 
uct of an unrelated cDNA fusion of lambda cro to p-gal showed 
no immunoreactivity in the SCN (Fig. 30), PVN, or SON. That 
this antiserum was used at a concentration sufficient to generate 
positive immunostaining was indicated by the unexpected bi- 
lateral immunostaining of a small number of neurons in the 
dorsal lateral hypothalamus (Fig. 3E). 

NGF-R immunostaining. NGF-R immunostaining was found 
in the ventrolateral part of the SCN (Fig. 11A; see also Sofroniew 
et al., 1989). In rats not treated with colchicine, there appeared 
to be little general overlap between the area of the SCN im- 
munoreactive for VGF and that immunoreactive for NGF-R. 
Unlike NGF-R control staining in the medial septum, the im- 
munoreactivity in the SCN appeared to be in the neuropil rather 
than in perikarya. The cells immunoreactive for NGF-R in the 
medial septum did not show immunoreactivity for VGF. Im- 
mediately dorsolateral to the SON, immunoreactivity for NGF- 
R was detected in large perikarya and proximal dendrites of 
large neurons which were loosely scattered in a dorsolateral 
direction (Fig. 11B); VGF immunoreactivity was not detected 
in these cells. Peroxidase reactivity was seen in the ventral part 
of the SON (Fig. 11B); the peroxidase reaction product did not 
appear to be staining neurons specifically, but rather cells with 
a glial appearance. Whether astrocytes in the ventral lamina 
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Figure 9. Co-localization of VIP or vasopressin with VGF in SCN. Two cells (arrows) in 1 Mm paraffin section are stained with antisera against 
vasoactive intestinal polypeptide (A; VIP) and are also immunoreactive for VGF in the SCN of colchicine treated rats (B). Cells (arrow) containing 
immunoreactivity indicative of vasopressin-neurophysin (C, VP) and also stained with VGF antisera (D). Scale bar, 35 pm. E-H, Co-localization 
of oxytocin or vasopressin with VGF. Cells stained with antisera against oxytocin (E, OX) also stained with antisera against VGF (F; arrows). 
Similarly, cells strongly stained with vasopressin (G) are also immunoreactive with antisera against VGF (H, arrow). Scale bar, 32 pm. 
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Figure 10. Neonatal expression of VGF immunoreactivity 4 d (P4) 
after birth in retinal target regions. A, Cell bodies in the dorsal lateral 
geniculate are strongly stained with VGF antisera. Scale bar, 50 pm. B, 
In the SCN, immunoreactive cells are found in both the dorsomedial 
area, as well as in the ventrolateral region on the nucleus. Scale bar, 60 
pm. C, Immunoreactivity in the adult rat in the thalamic intergeniculate 
leaflet (ZGL), a projection area to the SCN. Scale bar, 40 pm. 

may be immunoreactive will require further study. NGF-R im- 
munostaining was not detected in the PVN. 

Discussion 
In the present study, several lines of evidence indicate that the 
antigen localized in the hypothalamus is the translated product 

of the VGF gene. First, 2 different antisera were made against 
different amino acid sequences coded by the open reading frame 
of the VGF cDNA. Each of them independently stained the 
same cells in the SCN. With colchicine treatment, both also 
stained the same magnocellular neurons in the PVN and SON, 
as well as a few adjacent neurons in the arcuate nucleus. That 
the staining was not related to antibodies that cross-reacted with 
P-gal was shown by the finding that incubation of &gal with 
each of the antisera, and incubation of lysed bacterial protein 
including P-gal did not inhibit the immunostaining. Use of an 
antiserum against a different gene product fused with p-gal did 
not stain cells of either the SCN, PVN, or SON. Furthermore, 
VGF gene fragments from a PC12 cell library hybridized with 
an equivalent species from a brain cDNA library. Finally, 
Northern blots demonstrate mRNAs of similar molecular weights 
in both PC 12 cells and in brain. The fact that colchicine increases 
immunoreactivity in neuronal somata argues that the immu- 
noreactive protein is one synthesized in the neurons, rather than 
one taken up from the surrounding cellular microenvironment. 

Restricted expression and co-localization 
In addition to VGF immunoreactivity, other substances have 
been found in both the SCN and magnocellular neurons in the 
PVN and SON. For instance, vasopressin and its related carrier 
protein neurophysin are found in the dorsomedial SCN (Sof- 
roniew and Weindl, 1978, 1980; Buijs, 1980; van den Pol and 
Tsujimoto, 1985), as well as in magnocellular neurons projecting 
to the neurohypophysis. Unlike vasopressin and neurophysin 
antisera, which both stain the magnocellular neurons more 
strongly than the small cells in the SCN, both VGF antibodies 
stain the SCN cell bodies more intensely than the cell bodies of 
neurons in the SON and PVN. This was true regardless ofthe 
immunostaining procedure used (HRP-labeled secondary IgG, 
ABC, PAP, silver-intensified peroxidase, or silver-intensified 
gold), suggesting that stronger reaction product in the SCN was 
due to a greater concentration of VGF antigen in the cells of 
the SCN than in the cells of the PVN or SON, rather than a 
histochemical artifact (Bigbee et al., 1977). 

Why cells of the SCN would stain more darkly in the absence 
of colchicine than the magnocellular neurons of the PVN and 
SON may be due to a greater rate of synthesis in the SCN than 
other areas. This receives additional support from the obser- 
vation that SCN axons also stain more intensely than PVN or 
SON axons. This is a little surprising since the SCN cells in 
general, and VGF immunoreactive neurons in addition, give 
little evidence of synthetic organelles compared with the met- 
abolically more active magnocellular neurons. An alternative 
explanation is that the protein is transported out of the cell body 
at a slower rate in the SCN, leading to a greater concentration 
of antigen in SCN perikarya. A final possibility is that the rate 
of degradation or posttranslational alterations in the VGF pro- 
tein may be different or slower in the SCN, leading to a greater 
accumulation of the immunodetectable antigen. 

The VGF protein appears to be the first antigen of restricted 
neuronal expression found in the SCN that labels both ventro- 
lateral and dorsomedial cell groups (in colchicine-treated rats). 
Previously, neuroactive peptides and synthesizing enzymes have 
been generally restricted to either the dorsomedial area (vaso- 
pressin, neurophysin, aromatic amino acid decarboxylase: Sof- 
roniew and Weindl, 1978; Buijs, 1980; Jaeger et al., 1983) or 
the ventrolateral area (vasoactive intestinal polypeptide, peptide 
isoleucine, gastrin-releasing peptide: Card et al., 198 1, 1988; 
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Roth et al., 1982; van den Pol and Tsujimoto, 1985; van den 
Pol and Gores, 1986). Analysis of cell size and packing density 
also suggests 2 major subgroups within the SCN (van den Pal, 
1980). Vasopressin and its associated neurophysin are found in 
restricted regions ofthe SCN, predominantly in the dorsomedial 
area. This is the same region where the strongest VGF immu- 
nostaining is found in the absence of colchicine. To exclude the 
possibility that the VGF gene might be directly related to the 
vasopressin gene, Brattleboro rats were studied. Although va- 
sopressin and its associated neurophysin cannot be found in 
these rats, the VGF protein immunoreactivity appeared normal 
with both antisera used. Further evidence that the VGF gene is 
independent of the vasopressin gene is evidenced by the finding 
of VGF immunoreactivity in neurons of the hypothalamus, such 
as in the arcuate nucleus, where vasopressin is not found. 

The known projection sites of SCN efferents (Stephan et al., 
198 1; Watts and Swanson, 1987; Watts et al., 1987), which we 
examined from cells in both the ventrolateral and dorsomedial 
regions of the nucleus, contained axons with VGF immuno- 
reactivity. While we have not shown that these axons necessarily 
originate from the SCN rather than some other area containing 
VGF-immunoreactive perikarya, a SCN origin of at least some 
of them is probable. 

Figure I I. NGF-receptor immuno- 
reactivity in hypothalamus. A, Strong 
NGF-R immunoreactivity was found 
at the lateral asnect of both SCN. Scale 
bar, 150 pm. Unlike the cellular local- 
ization of immunoreactivity dorsolat- 
era1 to the SON in B, that in the SCN 
appears more diffise, suggestive of ax- 
onal localization. B, Large intensely 
stained immunoreactive cells with peri- 
karyal and dendritic labeling are seen 
(arrows) dorsolateral to the SON. A dif- 
fuse reaction product is also seen in the 
ventral part of SON, this reaction prod- 
uct does not seem to be associated with 
the large magnocellular neurons of the 
SON. Scale bar, 90 pm. 3 V, third ven- 
tricle; OT, optic tract; OC, optic chiasm. 

Expression of VGF and relation to NGF-R 
The VGF cDNA used to express the proteins against which the 
antisera in the present study were made was initially detected 
by the 50-fold increase of complementary mRNA 5 hr after 
induction by the addition of NGF to PC 12 cells. This led to the 
speculation that the VGF gene may play a critical role as an 
intermediary between NGF stimulation and a host of devel- 
opmental sequelae that follow. Recent studies have shown that 
NGF may play an important role in the ongoing maintenance 
of some neurons of the CNS, particularly in the medial septum 
(Gnahn et al., 1983; Hefti et al., 1986). NGF-R can be detected 
immunocytochemically in these areas, as well as in PC 12 cells. 
In the present study, we did not find NGF-R immunostaining 
on SCN perikarya in the same area where we found VGF im- 
munoreactivity. We did, however, find immunoreactivity 
suggestive of an axonal localization in neuropil of the SCN, in 
an area generally restricted to the ventrolateral SCN. This is in 
the same region that receives input from the retina (Hendrickson 
et al., 1972; Moore and Lenn, 1972) and from the intergeniculate 
leaflet (Ribak and Peters, 1975; Card and Moore, 1982), sug- 
gesting that a putative source of fibers containing NGF-R may 
be one of these areas. Thus, in the CNS while there appears to 
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be a correlation of expression of NGF-R and VGF in the area 
of SCN and SON, there does not appear to be a cellular cor- 
relation, in that cell bodies of the SCN do not express sufficient 
NGF-R to detect with immunostaining. Furthermore, regions 
of the PVN that contain VGF immunoreactivity do not show 
NGF-R immunostaining. Of related interest is that the inter- 
geniculate leaflet in colchicine-treated rats does contain peri- 
karya immunoreactive for VGF, but not for NGF-R. A parallel 
examination of the medial septum and lateral hypothalamus 
demonstrated neurons which express strong immunoreactivity 
for NGF-R, but not for VGF. Taken together these data do not 
support the hypothesis that the VGF protein is a necessary factor 
mediating the physiological roles of the NGF in the adult brain. 
The finding of NGF-R in the ventrolateral region of SCN leads 
to the interesting speculation that some cells of the SCN may 
synthesize and secrete NGF. 

Thus, NGF may augment the expression of VGF in PC12 
cells, but may not be crucial for its expression in the hypothal- 
amus. On the other hand, the VGF protein may have a function 
related to early physiological events in developing neurons, as 
evidenced by the strong expression of VGF in the SCN of males 
and females by postnatal day 4, and probably earlier, given the 
strong staining seen at day 4. Like VGF, NGF receptor im- 
munoreactivity decreases with age in a number of different areas 
of the brain, including the lateral geniculate nucleus (Yan and 
Johnson, 1988). 

VGF function 
The function of VGF is unknown at this point. The speculation 
that the VGF gene may code for a substance that may 
be released from axon endings merits further investigation: first, 
the VGF immunoreaction product is present in axonal terminals 
at synaptic boutons and in axon terminals in the neurohypophy- 
sis. If the protein or a cleavage product of it is released, we might 
expect to locate it ultrastructurally in vesicles. The preembed- 
ding peroxidase ultrastructural immunostaining done in the 
present study showed a cytoplasmic localization of peroxidase 
reaction product. That this is not necessarily demonstrative of 
the location of the antigen in the live neuron is indicated by 
similar cytoplasmic (and artifactual) immunolocalization of ve- 
sicular neuroactive peptides such as vasopressin, oxytocin, 
ACTH, and LHRH (see discussion in van den Pol, 1985) with 
similar methodologies. Preliminary studies based on pos- 
ternbedding immunostaining were not successful. Immuno- 
reactivity was also found in some large dendrites of magnocel- 
lular neurons; unusual dendrites which stain intensely with 
oxytocin, vasopressin, and neurophysin, and contain large num- 
bers of large dense-core secretory vesicles have been described 
in the same areas (Sofroniew and Glasmann, 198 1; Armstrong 
et al., 1982), and VGF immunoreactivity here is consistent with 
the possibility that VGF may be associated with secretory ves- 
icles. 

Second, colchicine, which blocks axonal transport, results in 
a strong increase in the antigen in the neuronal perikarya of the 
SCN, SON, and PVN, as well as in other regions of the brain, 
suggesting that the VGF protein, or part of it, is transported to 
axon terminals. Third, additional unpublished experiments 
(Possenti et al.) indicate that the stimulation of PC12 cells with 
K+, the calcium ionophore A23187, or a-latrotoxin causes re- 
lease of a substance from PC1 2 cells which can be detected with 
antibodies against the VGF protein. If a component of VGF is 
released, it may well be a posttranslational cleavage product. 

That the VGF protein may be cleaved into smaller peptides is 
not inconsistent with the large number of arginine-arginine and 
arginine-lysine sequences that would be likely points of proteo- 
lytic cleavage. 

The VGF protein does not appear to be directly related to 
other known peptides or proteins, as suggested by the lack of 
cDNA sequence homologies with sequences in the National 
Sequence Data Bank (Levi et al., 1985) and by the lack of amino 
acid homologs from the NBRF protein sequence bank (1988). 
Whether the partial similarity between VGF and the Drosophila 
biological clock protein per indicates some real biological sim- 
ilarity of the 2 proteins or is simply due to chance similarity 
merits further experimental consideration. 
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