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The efficient introduction of genetic material into quiescent nerve cells is important in the 
study of brain function and for gene therapy of neurological disorders. A replication-deficient 
adenoviral vector that contained a reporter gene encoding p-galactosidase infected rat nerve 
cells in vitro and in vivo. p-Galactosidase was expressed in almost all sympathetic neurons 
and astrocytes in culture. After stereotactic inoculations into the rat hippocampus and the 
substantia nigra, p-galactosidase activity was detected for 2 months. Infected cells were 
identified as microglial cells, astrocytes, or neurons with anatomical, morphological, and 
immunohistochemical criteria. No obvious cytopathic effect was observed. 

T h e  ability to deliver foreign genes and 
promoter elements directly to terminally 
differentiated cells of the nervous system, 
which no longer proliferate, would be de- 
sirable for the study of the function and 
regulation of cloned genes as well as for 
gene therapy. Although a possibility is of- 
fered by defective herpes simplex virus vec- 
tors (I), their usefulness has been limited 
by their poor efficiency of infection and 
their pathogenicity. Here, we show that 
adenovirus, whose natural target is not the 
nervous system but the respiratory epitheli- 
um (2) , has the ability to infect nerve cells. 
The gene transfer and expression of adeno- 
virus are highly efficient both in vitro and 
in the intact rat brain. 

In addition to nonreplicative infection, 
adenovirus has several assets (3). Its ge- 
nome can accommodate foreign genes of up 
to 7.5 kb. It has a large host range and low 
pathogenicity in humans, and high titers of 
the virus can be obtained (4). We used a 
replication-defective adenovirus, Ad.RSV- 
pgal, which expressed a nuclearly targeted 
P-galactosidase (P-gal) cDNA under con- 
trol of the Rous sarcoma virus long terminal 
repeat (RSV LTR) promoter (5). We tested 
the ability of this vector to infect primary 
cultures of sympathetic neurons of superior 
cervical ganglia (SCG). These cells, cul- 
tured in the presence of an antimitotic 
agent, provided a pure and homogeneous 
preparation of neurons (6). After inocula- . . 
;ion of the virus, virtually all cells were 
positive for P-gal activity (7), with no 
apparent toxic effects or morphological 
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changes (Fig. 1, A and B). Labeled cells 
were not detected when the staining reac- 
tion was performed on a parallel, noninoc- 
ulated culture (Fig. 1C). We also tested the 
ability of adenovirus to infect primary cul- 
tures of rat hippocampal tissue that were 
enriched in astrocytes (8). Inoculation re- 
sulted in a blue nuclear staining in about 
two-thirds of the cells (Fig. ID). The iden- 
tification of stained cells as astrocytes was 
confirmed by additional staining with an 
antibody against glial fibrillary acidic pro- 
tein (GFAP) .(Fig. 1E). 

We next evaluated the ability of adeno- 
virus to infect cells of the brain in vivo in 
two regions, the hippocampus and the sub- 
stantia nigra (9). All injected animals ex- 
pressed P-gal activity and p-gal protein, 
which were detected as early as 24 hours 
after inoculation and also in animals ana- 
lyzed after 2 months. The diffusion of the 
virus was greater in the hippocampus than 
in the substantia nigra. Infected cells were 
found throughout the entire dorsal region of 
the hippocampus (Fig. 2), whereas in the 
substantia nigra the overall pattern of in- 
fection was restricted mainly to a medial- 
lateral orientation (Fig. 3D). This differ- 
ence may reflect the propensity of the virus 
to spread through tissues that adhere loose- 
ly, such as the hippocampal fissure. 

The extent of the infected area was cor- 
related to the volume of viral solution ad- 

Flg. 1. Expression of p-gal 
in primary cultured cells af- 
ter inoculation by adenovi- 
rus Ad.RSVpgal. (A and B) 
Virtually all the SCG neurons 
(13) expressed p-gal. (C) In 
the absence of the virus, no 
labeling was observed. (D) 
In enriched astroglial cul- 
tures ( 1 4 ) ,  about two-thirds 
of the cells were labeled. (E) 
Additional staining with GFAP 
(Dakopatts. Glostrup, Den- 
mark, 1 :500 dilution, fluo- 
rescein-conjugated secondary 

ministered. For instance, in rats killed 3 to 7 
days after hippocampal inoculation, the in- 
fected area was 1 to 4 mm3 for 3 to 5 p1 of 
virus injected plaque-forming units 
(PFU) per milliliter]. Only minor differences 
in the distribution of the labeling were noted 
within the first week after inoculation (Fig. 
2, A and B). At a longer time, however, the 
extent of the infected area was more restrict- 
ed and the labeling was confined to the 
granule cell layer (Fig. 2C). 

No cvtotoxic effects in the infected ani- 
mals were apparent. All recovered from the 
inoculation procedure without behavioral a b  
normalities. Examination of the virus-infect- 
ed brains revealed no enlargement of the 
lateral ventricle or disruption of the normal 
anatomy of the structures. The only notice- 
able alteration was local tissue necrosis and 
reactive gliosis that were restricted to the 
injected sites. This phenomenon was largely a 
result of injection trauma because a similar 
alteration was observed in animals that had 
been injected with saline. Finally, analysis of 
hippocampal cells with Nissl staining showed 
no cell loss or evidence of cvtolvsis within the , , 

pyramidal or granule cell layers. 
We then characterized the infected cell 

types. At early times (1 to 7 days), many of 
the P-gal-stained cells exhibited a mor- 
phology characteristic of microglial cells in 
both regions. These small cells had fine, 
highly branched processes extending radial- 
ly from the cell body (Fig. 3, A to C). Their 
identification as microglial cells was con- 
firmed by additional labeling with the anti- 
body 0x42 ,  which is directed against type 
3 complement receptors (IO), and with 
B4-isolectin (I I). Some of the infected 
cells were astrocytes, as demonstrated by 
double staining with the X-gal substrate and 
an antibody directed against GFAP. 

We next determined whether neurons 
also were infected in both cerebral regions. 
In the substantia nigra, double-labeling ex- 
periments demonstrated coexpression of 
P-gal and immunoreactivity for tyrosine hy- 
droxylase (TH), a classical marker of cate- 
cholaminergic neurons (Fig. 3D). About 
50% of the P-gal-positive cells within the 
infected dopaminergic cell area were marked 

r antibody) confirms that the cells are astrocytes. Scale bars, 200 pm. 
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with a T H  antibody, which thereby demon- 
strates that dopaminergic neurons were in- 
fected (Fig. 3, E to G). In the hippocampus, 
which is composed of segregated and lami- 
nated cellular subgroups, numerous P-gal- 
stained cells were unambiguously identified 
as neurons on the basis of morphological and 
anatomical characteristics (Fig. 3, H to J). 
Recognition of the cellular type was further 
facilitated because a few cells revealed a 
Golgi-like profile as a result of the diffusion 

In rats killed 1 and 2 months after inoc- 
ulation, the distribution of P-gal-positive 
cells was more restricted than what had been 
observed at earlier times. Although micro- 
glial cells represented a large number of 
P-gal-expressing cells up to 1 week after 
injection into the hippocampus, their num- 
ber decreased at longer post-infection times. 
Most of the labeled cells at 1 month were 
neurons of the stratum granulosum (Fig. 4). 

As determined in sections counterstained 
with cresyl violet, P-gal-positive cells were 
restricted to the granular layer, and no pos- 
itive cells were seen in the innermost part of 
the laver that includes most of the basket 
cells and a few glial cells. The same pattern 
was also obtained at 2 months. This restric- 
tion in the pattern may reflect a change in 
the RSV LTR promoter activity; the activity 
of the RSV LTR promoter may be more 

Fig. 2. General patterns of p-gal expression 
after unilateral intrahippocampal inoculation of 
the virus Ad.RSVpgal. (A) Staining with X-gal 
and fushin (Gurr, England) in a 40-km-thick 
frontal section of the brain of a rat killed 24 
hours after injection. (6) lmmunohistochemical 
detection of p-gal 1 week after injection. The 
primary antibody was an affinity-purified rabbit 
immunoglobulin G fraction to p-gal (Cappel, 
Organon, West Chester, Pennsylvania, 1 :800 
dilution) that was then bound with a streptavi- 
din-biotinylated peroxidase complex (Amer- 
sham) with diaminobenzidine as a chromogen, 
reinforced with nickel. (C) Distribution of p-gal- 
positive blue cells in the dentate gyrus of the 
hippocampus 1 month after injection. Counter- 

Fig. 4. Distribution of 
p-gal-positive cells in the 
dentate gyrus 1 month af- 
ter Ad.RSVpgal inocula- 
tion. (A) Photomicrograph 
stained for p-gal expres- 
sion with X-gal histochem- 
istry. The cells that are 
stained blue were ob- 
served in the dentate gyrus 
of the injected left hippo- 
campus. Scale bar, 1 mm. 
(6) Dentate localization of 
infected cells was con- 
firmed by immunohisto- 
chemical O-gal detection 

staining is-shown in neutral red. Scale bar, 300 (staining withperoxidase plus nickel). Scale bar, 300 km. (C) High magnification view showing the 
km; h, hilus; hf, hippocampal fissure; ml, mo- large number of densely packed, p-gal-labeled cell nuclei in the granule cell layer of the dentate 
lecular layer; sg, stratum granulosum. gyrus. Abbreviations are as in Fig. 3. 
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stable in neurons than in glial cells. Another 
possibility is that the virus may be trans
ferred from one cell type to another, as has 
been described for rabies and herpes viruses 
(12). 

The use of adenovirus vectors provides a 
method to study the function of cloned 
genes, which is complementary to that of 
transgenic animals. For instance, infection 
of the hippocampus would be useful for the 
study of integrated phenomena such as 
long-term potentiation. The possibility of 
selecting the time at which a particular 
gene is to be expressed is important when 
the expression of a transgene in early devel
opment is deleterious to the animal. In the 
context of degenerative diseases, it may also 
be possible to express neurotransmitters or 
growth factors locally as an alternative to 
the grafting of fetal cells. 
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The ligand for CD40 (CD40L) is a membrane glycoprotein on activated T cells that induces B 
cell proliferation and immunoglobulin secretion. Abnormalities in the CD40L gene were asso
ciated with an X-linked immunodeficiency in humans [hyper-IgM (immunoglobulin M) syn
drome]. This disease is characterized by elevated concentrations of serum IgM and decreased 
amounts of all other isotypes. CD40L complementary DNAs from three of four patients with this 
syndrome contained distinct point mutations. Recombinant expression of two of the mutant 
CD40L complementary DNAs resulted in proteins incapable of binding to CD40 and unable to 
induce proliferation or IgE secretion from normal B cells. Activated T cells from the four affected 
patients failed to express wild-type CD40L, although their B cells responded normally to 
wild-type CD40L. Thus, these CD40L defects lead to a T cell abnormality that results in the 
failure of patient B cells to undergo immunoglobulin class switching. 

H uman hyper-IgM immunodeficiency is a 
rare disorder characterized by normal or ele
vated serum concentrations of polyclonal 
IgM and markedly decreased concentrations 
of IgA, IgE, and IgG (I, 2). Reports of 
X-linked, autosomal recessive, autosomal 
dominant, and acquired forms of the disor
der indicate genetic heterogeneity and that 
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several different pathologic mechanisms may 
be responsible (2, 3). In the X-linked form 
of hyper-IgM syndrome, affected males usu
ally experience the onset of recurrent infec
tions in the first year of life. Affected males 
have normal numbers of circulating B and T 
lymphocytes, although lymph node hyper
plasia with an absence of germinal centers is 
common (I, 2). This condition is lethal in 
the absence of medical intervention; howev
er, patients typically respond well to a main
tenance therapy consisting of intravenous 
treatment with y globulin. 

The cellular abnormalities that underlie 
the various forms of hyper-IgM syndrome are 
unclear. Studies of patterns of X chromo
some inactivation in obligate carrier females 
indicate a randomized pattern of X chromo
some usage in either B or T lineage cells, 
which suggests that the defect does not alter 
maturation of these cells by cell autonomous 
mechanisms (4) • Some studies have suggest
ed that the affected phenotype is likely a 
result of B cell dysfunction insofar as patient 
B cells treated with polyclonal B cell activa
tors, such as pokeweed mitogen, could not 
be induced to switch to IgG or IgA produc
tion (5). Other reports suggest that the 
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