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block cytokinesis so that the development of 
large, early-stage cells could be studied with- 
out further cleavages (1). Although the use 
of this technique solves the problem of size, 
it changes some aspects of cell differentia- 
tion, because the cleavages that separate 
lineage determinants do not occur. We have 
applied the whole-cell clamp (2) to blasto- 
meres isolated at various stages of embryo- 
genesis in the ascidian Boltenia villosa. Ascid- 
ians are primitive marine chordates (subphy- 
lum Urochordata; commonly known as sea 
squirts) whose embryos display a pro- 
nounced form of mosaic development; cell 
lineages are established early in embryogen- 
esis, and fate maps for the embryo are well 
described (3, 4). In Boltenia, muscle-lineage 
cells carry an intense orange pigment that 
enables them to be identified at any stage of 
development, even in dissociated prepara- 
tions (Fig. 1) (5) .  This endogenous visual 
marker of cell fate has allowed us to compare 
the development of ion channel populations 
in muscle- and nonmuscle-lineage cells at 
early stages when these cell types are other- 
wise morphologically indistinguishable. 

We previously described electrophysio- 
logical changes that occurred between fertil- 
ization and the eight-cell stage (6) .  The 
unfertilized Boltenia oocyte has three major 
voltage-dependent currents, carried through 
Na' and ca2+ channels, activated by depo- 
larization, and inwardly rectifying K+ chan- 
nels, activated at potentials negative to rest. 
The Na' current virtually disappeared from 
all blastomeres by the eight-cell stage, 
whereas both the Ca2+ and the inwardly 

Qastrula NeuNla 

rectifying K+ currents were maintained at 
oocyte densities in all blastomeres through 
the eight-cell stage. Thus all blastomeres 
through the eight-cell stage are similar in 
their electrical properties (7). 

In the present studies, we have extended 
these experiments to the gastrula and neur- 
ula stages of development (8). All cells in the 
gastrula showed very uniform electrical 
properties, although they differed from cells 
of the eight-cell embryo (Fig. 2). The ca2+ 
current was greatly decreased from eight- 
cell-stage levels and was undetectable in 
most gastrula cells (Fig. 2A). The inward 
rectifier, on the other hand, was present in 
all gastrula cells at about the same density as 
at the eight-cell stage (Fig. 2B). 

During the approximately 3 hours in 
which the gastrula develops into the neur- 
ula, several changes took $ace that dramati- 
cally altered the electrical properties of cells 
isolated from the neurula. 

1) Large Ca2+ currents appeared in mus- 
cle-lineage cells but not in blastomeres of the 
nonmuscle lineages (Figs. 2A and 3A). The 
neurula was thus the first stage at which we 
could detect lineage-specific differences in 
ion channel populations. The Ca2+ currents 
appeared before any obvious changes in cell 
morphology. 

2) The inward rectifier was greatly re- 
duced in all neurula-stage cells irrespective 
of lineage (Figs. 2B and 3B). 

3) Delaved outward K+ currents, which 
werk not sken in significant amounts at any 
earlier stages of development, appeared in 
both muscle- and nonmuscle-lineage cells of 

Fig. 2. Whole-cell currents 
in muscle- and nonmuscle- 
lineage blastomeres at gas- 

Muscle b trula and n e u d a  stages of 
embryogenesis. (A) Ca2+ 
currents. Holding potential, 

7 1  -60 mV; steps to -50, 
I I -30. -10. and +10 mV. 

Nonmuscle '-7- Y 

B GastNh Neurula 

I 1 

ionic conktions: Cs+-int, 
Ba2+-ASW (8). Between the 
gastrula and neurula stages, 
a period of about 3 hours, 
muscle-lineage blastomeres 
developed Ca2+ currents 
while nonmuscle-lineage 
cells did not. Deoolarizine " 

Muscle 4, steps from more negative 
holding potentials did not 
reveal 8 -voltage-dependent 
Na+ current in any of the - blastomeres at either stage, 
(B) Inwardlv rectifiine K' 

Nonmuscle T===f current. ~ o i d i n ~  I;oteYntid, 
-60 mV; steps to -70, 
-90. - 110, and - 130 mV. 
ionic conditions: K+-int, 

20 PAL 
roo ms Sr2+-ASW. Between the 

gastrula and neurula stages, 
both muscle- and nonmus- 

cle-lineage blastomeres lost the inwardly rectifying Kt current. The time and voltage calibrations apply 
to all records. The records are not corrected for leakage currents or capacitative transients. 

the neurula (9) (Fig. 4). Reliable detection 
of the Ca2+ current in muscle-lineage cells 
from the neurula required the elimination of 
the delayed Kf current by substitution of 
internal Cs+ for K+. 

The Ca2+ current in muscle-lineage cells 
from the neurula was very similar to the 
oocyte Ca2+ current (6). Both were activat- 
ed at potentials positive to -20 mV with 
peak currents at + l o  to +20 mV. Both 
showed the permeability sequence 
~ a ~ + > ~ r ~ + > ~ a ~ +  and had greatly slowed 
inactivation with either ~ a ' +  or s r2+  as the 
permeant ion, implying Ca2+- rather than 
voltage-dependent inactivation (10). The 
current density, however, was about ten 
times higher at the neurula stage than in the 
oocyte or in eight-cell-stage blastomeres. 

To determine whether the appearance of 
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Fig. 3. (A) Development of the Ca2+ current in 
cells of muscle ( b )  and nonmuscle (0) lineage 
dissociated from embryos of the stage indicated, 
or from muscle-lineage cells dissociated at the 
gastrula stage and allowed to develop as isolated 
cells until control embryos reached the stage 
indicated (*). At the gastrula stage b and * 
symbols represent the same experimental para- 
digm. Each point represents the maximum cur- 
rent density in picoamperes of current per picofar- 
ad of capacitance in a single blastomere. All 
currents were measured from a holding potential 
of -60 mV in Ba2+-ASW (external solution) 
with Csi-int used in the pipette (8). (B) The 
inwardly rectifying K' current density (same 
symbols) in picoamperes per picofarad for single 
blastomeres. Currents were measured at - 130 
mV from a holding potential of -60 mV in S?+- 
ASW (external solution) with K+-int used in the 
recording pipette. Cell capacitance was measured 
by applying a 10-mV, 50-Hz triangle wave com- 
mand to the voltage-clamp amplifier and measur- 
ing the amplitude of the resulting square-wave 
current signal. 
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Fig. 4. Current-voltage ( I -  V) relations for (A) muscle- and (8) nonmuscle-lineage cells at gastrula and 
neurula stages. Each panel shows two I-V relations, one in Cs+-int/Ba2+-ASW (0) to block outward 
Kf currents and maximize detection of CaZt currents; the other in K+-intiSr2+-ASW (A) to maximize 
outward and inwardl rectifying K+ currents; S?+ was used instead of Ca2+ because it gave larger 
currents through C$+ channels, so that we could better estimate the overlap between inward 
and outward currents, but did not block the inward rectifier, like Ba2+. All points were taken from a 
holding potential of -60 mV and represent steady-state currents (the Ca2+ current does not inactivate 
with Sr2+ or Ba2+ as the permeant ion). The decrease of inwardly rectifying K+ current at very negative 
potentials is probably due to block by external SrZt or Na+ ions. In the Cs+-int/~a'+-ASW solution, 
muscle neurula cells showed substantial outward currents that probably represent Cst eaux through 
the Ca2* channels (17). We have corrected these plots by subtracting the extrapolated linear leakage 
currents recorded between -60 and -40 mV, where no voltage-sensitive currents are present. The off- 
scale delayed K+ current points in the muscle neurula plot with internal K+ (A) are: +50 mV, 120 PA; 
+80 mV, 221 PA; and + l o 0  mV, 296 PA. 

Ca2+ currents in muscle-lineage cells after 
gastrulation required cell contacts during 
this period, we dissociated cells from early 
gastrulae, well before ca2+ currents could 
be detected, and allowed them to develop as 
individual cells. Data from these cells (Fig. 
3A) showed that Ca2+ currents developed 
approximately on schedule, with perhaps a 
slight delay relative to cells in intact embry- 
os. This result indicates that at least the 
terminal phase of ca2+ current development 
is an autonomous fimction of muscle-lin- 
eage cells. 

We can now divide early Boltenia embryo- 
genesis into two phases on the basis of the 
sequence of changes in ion channel popula- 
tions occurring in the blastomeres. The first 
phase, from fertilization to just after gastru- 
lation, is characterized by uniformity in the 
electrical properties of blastomeres of differ- 
ent developmental fates and by the sequen- 
tial loss of currents present in the oocyte. 
The second phase, which begins just after 
gastrulation, is characterized by differences 
in ion channel populations between cells of 
different lineages and by the appearance of 
currents not seen in the oocyte (11). 

The development of ca2+ currents seems 
to be one of the earliest events in the 

terminal differentiation of ascidian muscle, 
occurring at about the same time as acetyl- 
cholinesterase and myosin adenosine tri- 
phosphatase synthesis -(12, 13) but preced- 
ing innervation, acetylcholine receptor ap- 
pearance (14), contractility, and changes in 
cell morphology (15). Because the ca2+ 
currents appear well before they play a role 
in contractility, they map have some as yet 
unknown function in terminal differentia- 
tion of muscle cells in the larva (Is) . 

The fact that the muscle-specific develop- 
ment of Ca2+ currents occurs over the same 
time period as the changes in two K+ 
currents common to all lineages map allow 
the developmental cues for these types of 
events to be separated. The principles eluci- 
dated from such studies in this preparation 
may be widely applicable to the question of 
how the electrical properties of cells develop 
during embryogenesis. 
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Grafting Genetically Modified Cells to the Damaged 
Brain: Restorative Effects of NGF Expression 

Pibroblasts were genetically modified to secrete nerve growth factor (NGP) by 
infection with a retroviral vector and then implanted into the brains of rats that had 
surgical lesions of the fimbria-fornix. The grafted cells survived and produced 
suflicient NGP to prevent the degeneration of cholinergic neurons that would die 
without treatment. In addition, the protected cholinergic cells sprouted axons that 
projected in the direction of the cellular source of NGP. These results indicate that a 
combination of gene transfer and intracerebral grafting may provide an effective 
treatment for some disorders of the central nervous system. 

C ONSIDERABLE EFFORT I N  RECENT 

years has been applied toward the 
development of methods for the ge- 

netic modification of mammalian cells to 
correct disease phenotypes in vivo. Because 
of their accessibility, cells of the bone mar- 
row and skin have been studied most exten- 
sively. Because of its relative inaccessibility, 
a very important target organ, the brain, has 
received little attention. The development of 
methods for intracerebral neural grafting has 
provided new approaches towards the treat- 
ment of central nervous system (CNS) dis- 
orders. We have previously suggested that a 
combination of the gene transfer and neural 
grafting may constitute an effective ap- 
proach to therapy in the CNS (1). Specifical- 
ly, we have demonstrated that cultured cells 
genetically modified with retroviral vectors 
can survive when implanted in the mamrna- 
lian brain and can continue to express for- 
eign gene (transgene) products (1, 2). Be- 
fore this approach can be used to treat 
specific CNS diseases, one prerequisite is to 
determine whether, under any circum- 
stances, sufficient transgene product can be 
made in vivo to complement or repair an 
absent or previously damaged brain func- 
tion. 

To test the potential of this therapeutic 
approach, we have chosen a well-character- 
ized model that provides the opportunity to 
observe a functional effect. After transection 
of the fimbria-fornix (the pathway connect- 

ing cholinergic neurons of the basal fore- 
brain to their target in the hippocampus), 
many of the cholinergic neurons undergo 
retrograde degeneration, exhibit a decrease 
in the activities of many enzymes, and, in 
some cases, die (3, 4). This degenerative 
response is attributed to the loss of trophic 
support from p-nerve growth factor 
(NGF), which is normally transported retro- 
gradely in the intact brain from the hippo- 
campus to the septa1 cholinergic cell bodies 
(5-10). The importance of NGF in this 
response to damage is supported by experi- 
ments that demonstrate that cholinergic 
neurons in the medial septum can be pro- 
tected from retrograde degeneration by 
chronic inhsion of exogenous NGF (11- 
14). We report here that cultured fibro- 
blasts, genetically modified to produce and 
secrete NGF and then grafted to the cavity 
formed in creating a fimbria-fornix lesion, 
will prevent retrograde cholinergic degener- 
ation and induce axonal sprouting, thereby 
demonstrating a functional response to the 
grafted cells. 

A retroviral vector, similar to one de- 
scribed previously (15), was constructed 
from Moloney murine leukemia virus (16). 
It contains the 777-bp Hga I-Pst I fragment 
of mouse NGF cDNA (1 7, 18) under con- 
trol of the viral 5' long terminal repeat. This 
insert corresponds to the shorter NGF tran- 
script that predominates in mouse tissue 
receiving sympathetic innervation (19) and 

is believed to encode the precursor to NGF 
that is secreted constitutively. The vector 
also includes a dominant selectable marker 
encoding the neomycin-resistance function 
of transposon Tn5 (20) under control of an 
internal Rous sarcoma virus promoter. 
Transmissible retrovirus was produced by 
transfecting vector DNA into PA317 am- 
photropic producer cells (21) by the calcium 
phosphate co-precipitation method (22) and 
by using medium from these cells to infect 
9 2  ecotropic producer cells (23) in the 
presence of Polybrene (Sigma; 4 pgiml). 
Virus from the 9 2  clone producing the 
highest titer (4 X 10' colony-forming units 
per milliliter), was used to infect the estab- 
lished rat fibroblast cell line 208F (24) as 
described (25). Individual neomycin-resist- 
ant colonies, selected in medium containing 
the neomycin analog G418, were expanded 
and tested for NGF production and secre- 
tion by a two-site enzyme immunoassay, 
with commercially available reagents accord- 
ing to the manufacturer's protocol (Boeh- 
ringer Mannheim). The clone producing the 
highest levels of NGF contained 1.7 ng of 
NGF per milligram of total cellular protein 
and secreted NGF into the medium at a rate 
of 50 pgihour per 10' cells. The NGF 
secreted by this clone was biologically ac- 
tive, as determined by its ability to induce 
neurite outgrowth from PC12 rat pheochro- 
mocytoma cells (26, 27). Uninfected 208F 
cells, in contrast, did not produce detectable 
levels of NGF in either assay. 

Fimbria-fornix lesions were made in 16 
rats; 8 rats received grafts of infected cells 
and the remaining 8 received uninfected 
control cells (28). After 2 weeks, all animals 
were killed and processed for immunohisto- 
chemistry (28). Staining for fibronectin, a 
fibroblast-specific marker, revealed robust 
graft survival in all 16 animals that was 
comparable in both groups (Fig. 1, A and 
B). Sections stained for choline acetyltrans- 
ferase (ChAT) to evaluate the survival of 
cholinergic cell bodies indicated a greater 
number of remaining neurons on the le- 
sioned side of the medial septum in all 8 
animals that had received grafts of infected 
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