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The hippocampal formation elaborates trophic factors such 
as nerve growth factor (NGF) to support the cholinergic in- 
nervation it receives from the septal region. To further study 
the trophic interactions of this pathway, hippocampal cells 
from embryonic day 18 and postnatal day 21 mice were 
immortalized via somatic cell fusion to N18TG2 neuroblas- 
toma cells. The hippocampal cell lines exhibit morphological 
and cytoskeletal features which are typical of their neuronal 
parents but which are not expressed by the neuroblastoma 
parent. When differentiated with retinoic acid, the hippo- 
campal cell lines exhibit electrophysiological features sim- 
ilar to cultured hippocampal neurons. Many of the lines con- 
stitutively express high levels of NGF, and at least one cell 
line exerts a non-NGF trophic effect on the expression of 
choline acetyltransferase by septal neurons in vitro. These 
cell lines are potentially useful for investigating the neuro- 
chemical and excitable properties of hippocampal neurons 
and identifying novel trophic activities that promote the de- 
velopment and maintenance of the septohippocampal path- 
way. 

Trophic interactions between projecting neurons and their tar- 
gets are thought to mediate the development and maintenance 
of specific neural connections. In the CNS, the hippocampal 
formation trophically supports innervating septal cholinergic 
neurons by promoting their survival and expression of cholin- 
ergic markers (Gzhwiler and Hefti, 1984; G5hwiler and Brown, 
1985; Hsiang et al., 1987, 1988). Nerve growth factor (NGF) 
appears to play an important role since it is synthesized by 
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hippocampal cells and partially mimics their trophic effects (for 
review, see Whittemore and Seiger, 1987; see also Hartikka and 
Hefti, 1988, and Hsiang et al., 1989). However, antibody-me- 
diated neutralization of endogenous NGF does not block cho- 
linergic synaptogenesis in co-cultures of septum and hippocam- 
pus (Hsiang et al., 1989) or dramatically alter the expression of 
septal cholinergic markers (Gnahn et al., 1983; Hsiang et al., 
1989; Vantini et al., 1989). These results suggest that NGF and 
an unknown number of other trophic factors influence the dif- 
ferentiation of septal cholinergic neurons. 

To study these processes in more detail, we have generated 
clonal cell lines of CNS lineage. Two strategies have been used 
to engineer such lines cell lines: retroviral-mediated oncogene 
transduction and somatic cell fusion. Stable introduction of 
transforming or immortalizing DNA is effective only with cells 
that retain the capacity to replicate DNA and therefore divide 
(Cepko, 1988). In addition, once a cell is “immortalized,” it 
tends to remain locked within a particular developmental win- 
dow (Paige and Wu, 1989). Therefore, while oncogene trans- 
duction might yield cell lines to study the early stages of neural 
development (e.g., Frederiksen et al., 1988), it is less likely to 
provide cell lines that express the phenotypic repertoire of ma- 
ture neurons. Somatic cell fusion permits the “immortalization” 
of cell populations that are postmitotic (Lee et al., 1990) and 
thus more likely to express highly differentiated neuronal phe- 
notypes. 

We have previously generated cell lines with cholinergic prop- 
erties from the septal region of mice (Hammond et al., 1986, 
1990; Lee et al., 1990). In the present paper, we describe the 
immortalization of hippocampal cells from embryonic and young 
adult mice. Fusion of hippocampal cells to N18TG2 neuro- 
blastoma cells resulted in phenotypically stable hybrid cell lines 
that express neuronal cytoskeletal elements, exhibit electro- 
physiological behaviors typical of hippocampal neurons, and 
synthesize high levels of NGF. Moreover, at least one cell line 
exerts a trophic influence on septal cholinergic neurons that does 
not appear to be attributable to NGF, epidermal growth factor, 
or basic fibroblast growth factor. 

Materials and Methods 
Animals and cell lines. C57BU6 mice (Harlan Sprague-Dawley) were 
employed as the source of primary hippocampal cells. These cells ex- 
press hypoxanthine phosphoribosyltransferase (HPRT) and the B elec- 
trophoretic variant of glucose phosphate isomerase (GPI) (Greene et al., 
1975; Lee et al., 1990). The neuroblastoma fusion partner was the 
N18TG2 line, an HPRT-deficient mutant which can be eliminated from 
cultures by supplementing the medium with 100 PM hypoxanthine, 
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0.4 +r aminopterin, and 16 FM thymidine (HAT medium; Gibco) (Greene 
et al., 1975; Lee et al., 1990). N18TG2 cells revert to the normal state 
at a rate of less than 1 O-‘/cell/generation (Greene et al., 1975) and were 
routinely grown in 100 WM 6-thioguanine to eliminate revertants. The 
neuroblastoma was originally isolated from an A/J strain mouse and 
thus expresses the A isozyme variant of GPI (Greene et al., 1975; Lee 
et al., 1990). For all cultures, the basic medium was composed of Dul- 
becco’s modified Eade’s medium (DMEM) supplemented with 10% 
fetal calf serum (c&ire medium; Gibco) and was changed every 2-3 
d. All assays and staining procedures were performed with hippocampal 
cell line cultures that were grown to 75-90% confluency on tissue culture 
plastic. 

Somatic cell fusion. The procedures for somatic cell fusion of em- 
bryonic or adult neural tissue to N18TG2 cells have been previously 
described (Hammond et al., 1990; Lee et al., 1990). Briefly, embryonic 
day 18 or postnatal day 21 hippocampi were isolated, incubated with 
trypsin, and dissociated into single cells by trituration. The postnatal 
hippocampal cell preparation contained numerous debris and was sub- 
iected to buoyant density centrifugation to isolate a fraction enriched 
for viable, singly dissociated cells (Lee et al., 1990). The hippocampal 
cells were then resusuended in phvtohemagglutinin (PHAP; Difco) to 
promote their adherence to N 18TG2 cells. 

The hippocampal-PHAP suspensions were layered over logarithmi- 
callv dividing N 18TG2 cells. After 15 min, unattached hippocampal 
cells were gently aspirated. Cell fusion was initiated by adding a 50% 
polyethylene glycol (PEG 1000; KochLight) in DMEM (vol/vol). After 
40 set, the solution was slowly aspirated, and at 60 set the cells were 
quickly rinsed. The fusion products were incubated overnight in culture 
medium and then replated in HAT medium to select for the growth of 
hybrid cells. The aminopterin was removed from the medium after 4- 
8 weeks; the hypoxanthine and thymidine were removed 4 weeks later. 
Colonies of hybrid cells were isolated, subcloned, and maintained in 
culture medium. Embryonic hippocampus x neuroblastoma lines are 
referred to as “HN#e” lines, and postnatal hippocampus x neuroblas- 
toma lines are referred to as “HN#p” lines. Subclones of these cell lines 
contain a period in their names (e.g., “HN9.1 Oe” refers to a subclone 
of embrvonic hiDDOCarTlDUS x neuroblastoma cell line HN9e). 

Control fusions included N18TG2 x N18TG2 and hippocampus x 
hippocampus fusions. Dissociated N 18TG2 cells were incubated with 
PHAP, fused to preplated N 18TG2 cells, and then cultured as described 
for the hippocampus x N18TG2 fusions. Dissociated primary hippo- 
campal cells were incubated with PHAP, fused to preplated hippocam- 
pal cells, and then cultured as described for the hippocampus x N18TG2 
fusions. 

The hybrid nature of the cell lines was confirmed by analyzing GPI 
isozyme electrophoretic migration paftems as previously described (Lee 
et al., 1990). 

Immunofuorescence. Hippocampal lines (HN9e, HNlOe, HN25p, 
HN~~D. and HN~~D) and the N18TG2 neuroblastoma were grown on 
plastic’Lab-Tek chamber slides (Miles), fixed with 2% formaldehyde 
in methanol (- 15°C) for 5 min at o”C, and incubated with a mouse 
antibody (RM0108) directed against the middle-molecular-weight neu- 
rofilament subunit protein (Lee et al., 1987) for 12 hr at 4°C. Immu- 
noreactivity was visualized by incubating the cells with rabbit anti- 
mouse IgG conjugated to rhodamine (Dakopatts) for 12 hr at 4°C. After 
staining, the slides were mounted in p-phenylenediamine-buffered glyc- 
erol to preserve fluorescence, coverslipped, and sealed with fingernail 
polish. The cells were examined with a Leitz microscope equipped with 
epifluorescence and then photographed. Negative controls were per- 
formed by using mouse IgG as the primary antibody (Lee et al., 1989, 
1990). 

NGF ELISA and Northern blot analysis of hippocampal lines. NGF 
protein was quantitated with a 2-site enzyme-linked immunoassay 
(ELISA) specific for fl-NGF (Weskamp and Otten, 1987; Lee et al., 
1990). Briefly, samples from hippocampal cell line cultures (HN8e, 
HN9.lOe? HNlOe; HN25.lp, HN25.2~; and HN33.1 lp) were applied 
to microtiter plates (Immuno-Plate I, Nunc) which had been previously 
coated with aoat anti-B NGF. Bound NGF was visualized by serially 
incubating th> wells with monoclonal antibody to &NGF, biotinylateh 
goat anti-rat IgG (Zymed), HRP conjugated to streptavidin (Zymed), 
and o-phenylenediamine (Sigma). Absorbance values of the samples 
were compared with values obtained from known quantities of purified 
male mouse submaxillary P-NGF (Mobley et al., 1986). Background 
signal was obtained by coating wells with preimmune goat serum rather 
than the anti-NGF serum. The NGF ELISA has a sensitivity of 0. l-l 

pg NGF per assay, and recovery of NGF from the samples was routinely 
90-l 00%. Total protein concentration of each sample was determined 
by the method of Bradford (1976) (BioRad). 

To measure NGF mRNA expression by cell lines, Northern blot 
analysis was performed as described by Clegg et al. (1989). Total RNA 
was isolated by lysing hippocampal cell line cultures with guanidinium 
isothiocyanate, precipitating the RNA with ethanol, and then extracting 
the RNA with phenol and chloroform. After determining the RNA 
content spectrophotometrically, 25 rg of total RNA per lane was elec- 
trophoresed through a 1.5% agarose-formaldehyde gel, capillary blotted 
onto GeneScreen (New England Nuclear), and covalently cross-linked 
to the membrane with UV irradiation. NGF mRNA was detected with 
a 32P-labeled single-stranded cDNA probe synthesized from the lame 
Pst I fragment of a NGF cDNA clone (Scott et al., 1983). The blots 
were exposed to X-ray film (Kodak XAR-5) with an intensifying screen 
at -70°C. Autoradiograms were quantified with a laser densitometer. 
All aels contained standards of unlabeled NGF mRNA svnthesized in 
vitro (Clegg et al., 1989). The specific signal for NGF mRNA was nor- 
malized to-total RNA per lane: - 

Differentiation and electroohvsioloav. HN9.10e or HN33.1 ln cells 
wereplated at l-5 x lo5 celisl30 mmtissue culture dish. After’24 hr, 
the cells were treated with DMEM containing 1% fetal calf serum and 
2-10 PM retinoic acid. After 2-8 d, the dishes were mounted onto the 
stage of an inverted-phase microscope (Nikon TMS) and superfused (3- 
5 ml/min) at room temperature (20-30°C) with a bicarbonate buffered 
salt solution (in mM: NaCl, 118; KCI, 3; MgCl,, 1.2; CaCI,, 2.5; NaHCO,, 
25; D-glucose, 11; HEPES, 40; pH 7.4 when bubbled with 95% 0,:5% 
CO*). 

Isolated pyramidal-shaped cells of 25-80 pm in diameter, and pos- 
sessing neuritic processes, were chosen for recording using single-patch 
electrodes in a whole-cell recording configuration as described by Hamill 
et al. (198 1). The patch electrodes-had resistances of 4-6 MQ when filled 
with the internal solution (in mM: K acetate, 90: KCl. 20: HEPES. 40: 
MgCI,, 3; EGTA/KOH, 3;‘ATPNa,, 1; pH 7.4).‘The electrode tip’was 
sealed to a cell by suction (seal resistance >500 Ma, usually 2-5 Go) 
and the membrane patch disrupted by further suction. The superfusate 
was connected to a grounded electrode via a 3 M KCI-agar bridge. After 
successfully establishing whole-cell recording, the cell was either current- 
or voltage-clamped using a single-electrode current-voltage preamplifier 
(Axoclamp-2A, Axon Instruments Inc.) in switching mode operating at 
3-6 kHz. Capacitance neutralization, gain, and phase were adjusted to 
give optimum point-clamp efficiency as described by Finkel and Red- 
man (1984). Data were recorded on a chart recorder (Gould 2400s). 

Preparation of hippocampal cell line conditioned media. Twenty-two 
hippocampal cell lines or N18TG2 cells were grown on tissue culture 
plastic in culture medium to 75-95% confluency. The plates were rinsed 
5 times with serum-free DMEM, and then incubated for 24-36 hr in 
serum-free DMEM. The conditioned medium was collected and cen- 
trifuged at 1000 x gfor 20 min at 4°C. The supematant was subsequently 
centrifuged at 100,000 x R for 90 min at 4°C. The 100,000 x g super- 
natant was concentrated under nitrogen pressure in an Amicon stirred 
cell eauiuped with an Amicon YM5 filter (5000 Dal cutoff). The con- . _. 
centrated retentate was then aliquoted and frozen in liquid nitrogen. 
Protein concentration was measured using Bio-Rad protein assay dye 
reagent, with BSA standards. 

Bioassayfor cholinotrophic activities. To screen hippocampal cell lines 
for the expression of trophic activities which influence cholinergic basal 
forebrain cells, a microtiter bioassay system employing primary cells 
from the septal region was developed. Microtiter plates were coated 
with poly-L-lysine (50 &ml in borate buffer). The septal region of 
embryonic day 14-15 mice were dissected and dissociated as previously 
described (Hsiang et al., 1987). The cells were resuspended in serum- 
free DMEM containing insulin (5 &ml), transferrin (10 &ml), selenite 
(30 nM), progesterone (20 nM), putrescine (100 PM), glutamine (584 ~Lgl 
ml), and gentamicin (20&ml) (N2 medium; Gibco) (Bottenstein and 
Sate, 1985). The cells were;hen.plated on the microtiter plates at 300,000 
cells/well. Media conditioned by N 18TG2 or by hippocampal cell lines 
(prepared as described above) were added to some wells. Other wells 
received purified NGF, epidermal growth factor, basic fibroblast growth 
factor (both from Collaborative Research), or N2 medium alone. The 
septal cells were cultured for 7-9 d, and then processed for CAT activity 
measurement. 

The CAT assay was modified from Fonnum (1975) so that it could 
be performed in the same microtiter wells that the cells were grown in. 
At the conclusion of the culture period, the wells were gently rinsed 
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Table 1. Properties of parental cells and selected hybrid cell lines 

Tissue or 
cell line 

Hybrid Neuritic Non-NGF 
GPI pro- Excitable NGF NGF trophic 
isozyme cesses membrane NF-M protein mRNA activity 

Hippocampus - + + + +a +” +b 

N18TG2 - - -c - - - - 

HN8e + + + + - 

HN9e + + + + + + - 

HNlOe + + + + + 

HN25p + + + + + 
HN33p + + + + + + 

The hybrid cell lines were generated by fusing embryonic day I8 or postnatal day 2 1 hippocampal cells to N 18TG2 
neuroblastoma cells (HN#e and HN#p, respectively). The properties of the best characterized hippocampal lines are 
summarized above. Data for each cell line include urooerties of their subclones. Symbols: +, presence of trait: -, absence 
of trait: soaces. line was not tested for the trait. Abbreviations: GPI. alucose ohosphate isomerase; NF-M, middle- 
molecular-wetght neurofilament subunit protein; NGF, nerve growth factor. - 
a Large et al., 1986. 
D Hsiang et al., 1989. 

L Platika et al., 1985. 

twice with ice-cold Tyrode’s buffer (in mM: NaCl, 137; KCl, 2.5; CaCl,, 
2; M&l,, 0.5; NaH,PO,, 3.5; NaHCO,, 12; glucose, 5.5; pH 7.4). Each 
well received 50 ~1 citrate phosphate buffer (IOmM, pH 7.4) containing 
0.1% Triton X-100, was subjected to one freeze-thaw cycle, and then 
was warmed to 37°C. Fifty microliters of enzyme assay medium (Hsiang 
et al., 1989) containing 3H-acetyl-CoA (Amersham) and eserine (Sigma) 
were added to each well. Following incubation at 37°C for 50 min, the 
incubation mixture was transferred into a vial containing an ACh ex- 
traction and scintillation mixture (Hsiang et al., 1989). Background 
signal was determined by assaying citrate-phosphate buffer instead of 
the cell extract. CAT activity was calculated by subtracting background 
counts of radioactivity from those of experimental samples. Counting 
efficiency was corrected using a computer-generated quench curve. The 
CAT activities of treated wells were compared to that of wells receiving 
only N2 medium (control wells), and the CAT activity results expressed 
as a percentage of control. The specificity of the CAT assay has been 
previously established (Fonnum, 1975; Levey et al., 1983). 

Results 

General characteristics of hippocampal cell lines. Following fu- 
sion, visible colonies of hybrid cells were observed at 2 weeks. 
Twelve colonies from the embryonic hippocampal fusion and 
23 colonies from the young adult fusion were isolated and ex- 
panded. When subcloned at limiting dilutions, these hybrid lines 
had a cloning efficiency of approximately 20%. All hippocampal 
lines were mononucleate as determined visually and through 
counts of nuclei versus cell number. The properties of the most 
extensively characterized hippocampal lines are summarized in 
Table 1. No viable colonies were isolated from fusions between 
N 18TG2 cells only or hippocampal cells only. 

The hybrid nature of hippocampal lines selected through HAT 
medium was confirmed through GPI isozyme analysis. GPI 
normally exists as a homodimer and has several variants which 
can be identified through electrophoresis (Staats, 1980). Table 
2 shows that C57BL/6 hippocampal tissues expressed only the 
B isozyme variant of GPI, while N 18TG2 (A/J) cells expressed 
only the A isoenzyme variant. Mixtures of C57BL/6 tissue and 
N 18TG2 cells yielded both homodimer bands but no hetero- 
dimeric band. Hippocampal lines exhibited GPI of intermediate 
electrophoretic mobility as well as both homodimers (Table 2). 
The heterodimeric or AB enzyme indicated that the lines were 
the result of a fusion between C57BW6 and N18TG2 cells and 

that the lines were able to express genes from both parental cell 
types simultaneously (Lee et al., 1990). 

Morphology. Many hybrid cell lines grew attached to the cul- 
ture dish and displayed differentiated morphologies (Fig. 1). For 
example, HN9e consisted of phase-bright cells with triangular 
somata and apical processes (Fig. 1A). This hippocampal line 
grew as a monolayer of cells. Other lines such as HN3 1 p grew 
as cell aggregates that were interconnected by a network of pro- 
cesses 2-3 days after plating (Fig. 1B). The processes were at- 
tached to adjacent aggregates more frequently than open spaces 
on the tissue culture plate (Fig. 1B). Five to seven days after 
plating, the aggregates were connected by columns of cells (Fig. 
lc). In contrast to the hippocampal lines, the neuroblastoma 
parent cells had flat cell bodies, short processes, and always grew 
as a monolayer (Fig. 1D). The age of the hippocampal tissue 
did not seem to be a major determinant of the types of mor- 
phologies exhibited by the hippocampal lines or the level of 
morphological differentiation. 

Expression of neurojilaments. Neurofilaments are a class of 

Table 2. Analysis of glucose phosphate isomerase expression by 
representative C57BL/6 hippocampus x NlSTG2 neuroblastoma cell 
lines 

Sample 

C57BU6 Nl8TG2 
variant variant Hybrid 
of GPI of GPI GPI 
(IA) (IB) (IAB) 

C57BIJ6 + 
N18TG2 + 
Mixture of C57BIJ6 

and N 18TG2 + + 
HN9e + + + 
HN2lp + + + 
HN32p + + + 
HN33p + + + 

C57BU6 tissue expresses only the IB homodimer of glucose phosphate isomerase 
(GPI), whereas the N18TG2 neuroblastoma expresses only the IA homodimer. 
Mixtures C57BU6 tissue and N18TG2 cells exhibit only the 2 homodimers. The 
expression of a heterodimeric form of GPI (IAB) by several hippocampal lines 
indicates that they contain hybrid genomes. 
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Figure 1. Photomicrographs demonstrating the morphology and neurofilament protein staining of representative embryonic hippocampus x 
N18TG2 and postnatal hippocampus x N18TG2 cell lines (HN#e and HN#p, respectively). All cells were grown in 10% fetal calf serum in 
Dulbecco’s modified Eagle’s medium on tissue culture plastic. A, HN9e grew as a monolayer of cells that exhibited phase-bright somata and 
extensive process formation. Note that the cells were cultured in the absence of CAMP, phorbol esters, or other differentiating agents. Scale bar, 
25 pm. B, HN3 lp grew as clusters of cells with processes attached to other clusters rather than open spaces on the tissue culture plate. Scale bar, 
50 pm. C, As HN3lp cells continue to grow and proliferate, the cell clusters become connected by cell bodies. Scale bar, 50 pm. 0, N18TG2 
neuroblastoma cells exhibit flat, polygonal somata with little process formation. The morphology of N18TG2 cells can range from round to fusiform. 
Scale bar, 25 pm. E, HN25p cells were fixed with 2% formaldehyde in methanol and incubated with the monoclonal antibody RM0108 directed 
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HN33.11~ 

HN2.5.2~ 

HN2.5.1~ 

HNlOe 

HN9.lOe 

NGF protein 
NGF mRNA 

HN8e 

N18TG2 

0 5 lb 15 
pg NGF protein/mg total protein 
fg NGF mRNA/ug total RNA 

Figure 2. NGF protein and mRNA content of representative hippocampal cell lines. Hippocampal lines and N 18TG2 cells were grown to 75% 
confluency in 10% fetal calf serum in Dulbecco’s modified Eagle’s medium and then assayed. NGF protein content (shaded bar) was determined 
with a 2-site enzyme-linked immunoassay specific for fl-NGF and normalized to total protein in the samples (Weskamp and Otten, 1986; Lee et 
al., 1990). NGF mRNA content (solid bar) was determined by Northern blot analysis. Blots of total RNA were hybridized with a 32P-labeled DNA 
probe made from the 0.9 kb Pst I fragment of the NGF gene comprising a portion of the coding sequence as well as the 5’ untranslated region 
(Scott et al., 1983; Large et al., 1986). Autoradiograms were quantified by scanning laser densitometry and normalized to total RNA per lane. 
HN8e, HNg.lOe, and HNlOe were derived from embryonic day 18 hippocampal cells. HN25.lp, HN25.2p, and HN33.1 lp were derived from 
postnatal day 2 1 hippocampal cells. Error bars indicate SEM. 

intermediate filaments which serve as specific markers for neu- 
rons (Lee et al., 1987). Several hippocampal lines exhibiting 
neuronal morphologies were screened for neurofilament expres- 
sion using immunofluorescence. HN9e, HN25p, and HN33p 
contained the middle-molecular-weight neurofilament subunit. 
HN25p exhibited the most robust staining and is shown in 
Figure 1E. The neurofilament subunit appeared to be a com- 
ponent of discrete filaments in the cell body and was prefer- 
entially distributed into the processes and growth cones (Fig. 
1E). N18TG2 cells did not stain for any of the neurofilament 
triplet proteins in any of their phosphorylation states (Lee et 
al., 1989). 

Expression ofNGF. NGF expression by the hippocampal lines 
was quantified through 2-site ELISA and Northern blot analysis. 
Several lines expressed high levels of NGF protein or mRNA 
(Fig. 2). Figure 2 demonstrates that lines derived from postnatal 
day 2 1 hippocampal lines synthesized more NGF protein than 
embryonic derived lines but contained less NGF mRNA. HN- 
25.2~ contained the most NGF protein (9 pg NGF/mg total 
protein) and a relatively moderate amount of NGF mRNA (7.2 
fg NGF mRNA/pg total RNA). Of the embryonic lines, HN9.1 Oe 
contained the highest level of NGF protein (2 pg NGF/mg total 
protein) and synthesized high levels of NGF mRNA (15 fg NGF 
mRNA/Mg total RNA) (Fig. 2). The hippocampal lines did not 
require the presence of differentiating agents to express NGF. 
N lSTG2 cells contained no detectable NGF protein or mRNA 
(Fig. 2). 

Electrophysiology. To characterize the excitable properties, 
hippocampal hybrid cell lines HN9.10e and HN33.1 lp cells 
were differentiated with retinoic acid and then examined using 

+ 

the whole-cell patch technique (Sakmann and Neher, 1983). 
Differentiated HN9.10e cells were found to have resting mem- 
brane potentials between -30 and -60 mV and membrane 
input resistances of 100-400 MR. In 5 of 20 cells recorded, an 
action potential could be elicited by depolarizing steps from 
membrane potentials more negative than -60 mV. Figure 3A 
illustrates a typical action potential elicited by a depolarizing 
step of +0.02 nA in a cell held at - 80 mV (with steady current 
injection). As shown, the action potential had an amplitude of 
100 mV (reaching +20 mV) and was usually followed by a 
characteristic after depolarization which reached its peak value 
lo-30 msec after the initial peak. Switching to voltage-clamp 
recording mode, the underlying transient inward current, cor- 
responding to the action potential, could be recorded during 
depolarizing voltage steps to potentials between -40 and - 15 
mV (Fig. 3B) from a holding potential of -80 mV. 

In all 20 cells examined, pronounced outward potassium (K-t) 
currents were recorded. Two second depolarizing steps from a 
holding potential of - 70 mV evoked a sustained outward cur- 
rent with a threshold of about -20 mV (Fig. 3C). At command 
potentials positive to 0 mV, this outward current showed an 
additional inactivating component. When inactivation at + 10 
mV was removed by a priming prepulse to hyperpolarized po- 
tentials (Fig. 30), the resultant inactivating current so isolated 
showed 2 components of decay, with time constants of about 
800 msec and 2 sec. This outward current was reversibly reduced 
by K+ channel blockers: 4-aminopyridine (4-AI? 100-300 PM) 

and tetraethylammonium (TEA: 1 mM). 
Figure 30 also shows the presence of an inward current ac- 

tivated by hyperpolarization in a time- and voltage-dependent 

against the middle-molecular-weight neurofilament subunit (15OK) (Lee et al., 1987). Immunoreactivity was visualized with a rhodamine-conjugated 
secondary antibody. Note that discrete filaments can be seen within the cell body and that immunoreactivity is concentrated in the processes. Scale 
bar, 25 pm. 
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Figure 3. Membrane properties and ionic conductances expressed in 
retinoic acid-differentiated hippocampal hybrid cells (HN9.10e). A, An 
action potential and depolarizing afterpotential (upper truce) evoked by 
a depolarizing current injection (lower truce) and, B, inward current 
recorded under voltage-clamp (upper trace) induced by a depolarizing 
voltage step (lower truce) in the same cell held at -80 mV. C and D, 
Series of current (top truces) and voltage (lower truces) recorded in a 
voltage-clamped hybrid cell held at - 70 and + 10 mV, respectively. C, 
Sustained and depolarizing voltage steps from a holding potential of 
- 70 mV, while in D, inactivating outward currents were recorded from 
+ 10 mV following 2 set prepulses to various potentials between -20 
and - 100 mV. Note also in D the activation of a time-dependent 
inwardly rectifying current with cell hyperpolarization. 

manner during the hyperpolarizing prepulse. This current was 
recorded in 7 of 20 cells and was reduced by l-2 mM cesium 
ions (Cs+). 

HN33.1 lp exhibited electrophysiological properties similar 
to HN9.10e. In addition, both lines decreased their mitotic rates 
and extended longer processes when differentiated with retinoic 
acid (data not shown). Nl8TG2 cells did not morphologically 
differentiate under these conditions (data not shown) and are 
not electrically excitable (Platika et al., 1985). 

Expression of trophic activity by HN cell lines. Media condi- 
tioned by 22 hippocampal cell lines or N 18TG2 cells were ex- 
amined for effects on septal neuron CAT activity using the bioas- 
say described above. With most of the cell lines tested, the 
conditioned medium ( 100 &ml final protein concentration) 
increased septal CAT activity by no more than 75% compared 
with controls treated with N2 medium alone. However, when 
medium conditioned by the hippocampal cell line HNlOe was 
added at 100 pg/ml, CAT activity increased by over 300% com- 

N2 HN 10 NGF EGF FGF 

Medium 

Effect of NGF, epidennal growth factor, basic ftbroblast 
growth factor, and HNlOe conditioned medium on septal CAT activity. 
Primary septal cells were cultured, as described in Materials and Meth- 
ods, in the presence of N2 medium only (control), in the presence of 
NGF at 100 &ml, in the presence of epidermal growth factor (EGF) 
at 1 nM final concentration, in the presence of basic fibroblast growth 
factor (FGF) at 1 nM final concentration, or in the presence of 100 N~I’ 
ml of HN 10e conditioned medium. The CAT activity of the septal cells 
treated with each of the various reagents is expressed as a percentage 
of control (N2 medium alone). HNlOe conditioned medium exhibited 
a significant increase in CAT activity compared with the control me- 
dium (p = 0.001). NGF resulted in an increase in CAT approximately 
(p = 0.001) equal to that of the HNlO conditioned medium. EGF and 
FGF did not have a significant effect on CAT activity under the con- 
ditions of the bioassay. Error bars indicate SEM. 

pared with controls (Fig. 4). Three polypeptide growth factors 
were also tested for effects on septal cell CAT activity. NGF at 
100 rig/ml resulted in an increase in CAT activity of 300% over 
controls, similar to the effect of 100 pg/ml HN 1 Oe conditioned 
medium (Fig. 4). Epidermal growth factor and basic fibroblast 
growth factor, each at 1 nM final concentration, increased CAT 
activity to a lesser extent, 50 and 60% over controls, respectively 
(Fig. 4). 

Because of the possibility that NGF might mediate the HN 10e 
effect on septal cell CAT activity, we directly measured the 
concentration of NGF in the HNl Oe conditioned medium. The 
final concentration of NGF in the conditioned medium-treated 
wells was less than 1 pg/ml (data not shown), over lO,OOO-fold 
less than the concentration of exogenous, purified NGF required 
to achieve the same effect on CAT activity. 

Discussion 

To better understand neurochemical and trophic interactions 
within the cholinergic septohippocampal pathway, hippocampal 
cells from embryonic day 18 and postnatal day 21 mice were 
immortalized by fusing them to N18TG2 neuroblastoma cells. 
Several hybrid lines stably exhibit morphologies, electrophys- 
iological behaviors, or trophic activities typical of primary hip- 
pocampal neurons. The neuronal origin of the cell lines is con- 
firmed by their expression of neurofilaments, a class of 
intermediate filaments specific for neurons. When plated at 
moderately high densities, several hippocampal lines form cel- 
lular aggregations that extend processes attached to other ag- 
gregations rather than open spaces on the dish. These growth 
characteristics resemble those exhibited by primary neurons 
grown at similar densities and appear to reflect locally active 
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trophic interactions. Ultrastructural studies of similarly derived 
lines indicate that the processes are neuritic growth cones with 
vesicular elements, numerous mitochondria, and a meshwork 
of microtubules and intermediate filaments (Hammond et al., 
1989, 1990). Since the parental N18TG2 cells exhibit none of 
these characteristics and only a subset of hybrid lines exhibit 
them, the neuronal properties expressed by hippocampal lines 
are likely to represent the expression of a cohort of neuronal 
genes rather than the activation of a random array of genes by 
hybridization (Davidson, 1978) (Table 1). 

The hippocampal lines offer an important advantage over 
primary cultures of hippocampal neurons in that a continuous 
cell line can be maintained, allowing a unique opportunity for 
investigating the ionic conductances and other membrane prop- 
erties of hippocampal neurons. Electrophysiological results in- 
dicate that differentiated hippocampal cell lines share mem- 
brane properties with adult hippocampal neurons. The action 
potential configuration, with the depolarizing afterpotential, re- 
sembles that previously observed in cultured slice preparations 
of the hippocampus (cf. Fig. 1 in Gahwiler and Brown, 1985). 
Both sustained and transient K+ currents recorded in the hip- 
pocampal hybrid cells in the present study show similarities to 
those reported in a variety of adult and cultured hippocampal 
cell preparations. The time-dependent, Cs+-sensitive inwardly 
rectifying current activated by hyperpolarization is probably the 
“Q”-current (1,) originally described in hippocampal cells and 
also reported in dissociated cultured cells. The presence of la is 
particularly significant since it has not been detected in other 
neuroblastoma derived hybrid cells (e.g., neuroblastoma x 
glioma hybrids: Brown and Higashida, 1988). The hippocampal 
lines can be used to examine the ionic and intracellular signaling 
mechanisms by which synaptic influences regulate hippocampal 
neuronal activity. 

The hippocampal formation supports its cholinergic inner- 
vation from the septal region by promoting the expression of 
cholinergic markers, the survival of cholinergic septal neurons, 
and selective synaptogenesis (Gahwiler and Hefti, 1984; Glh- 
wiler and Brown, 1985; Hsiang et al., 1987, 1988). Although 
the molecular basis of this influence is not completely under- 
stood, NGF plays an essential role since it is synthesized by 
hippocampal neurons and partially mimics the trophic effects 
of hippocampal cells via a receptor mediated mechanism (for 
review, see Whittemore and Seiger, 1987; see also Hartikka and 
Hefti, 1988, and Hsiang et al., 1989). The effects of NGF on 
septal neurons change during development. Neonatal rats re- 
spond to intraventricular infusions of NGF by dramatically in- 
creasing CAT activity in the septal region, but adults exhibit 
only a slight rise (Gnahn et al., 1983; Mobley et al., 1986). 
Similarly, cultured embryonic and early neonatal neurons in- 
crease CAT activity when exposed to exogenous NGF (Gnahn 
et al., 1983; Hartikka and Hefti, 1988; Hatanaka et al., 1988; 
Hsiang et al., 1989) whereas cultures derived from older ani- 
mals exhibit no changes in activity (Hatanaka et al., 1988). 
Sensory and sympathetic neurons also exhibit an age-dependent 
response to NGF (for review, see Yankner and Shooter, 1982). 
Hence, the trophic factor influences which support the deve- 
loping septohippocampal pathway may differ from those that 
maintain it in the adult. 

Our results show that many hippocampal lines constitutively 
express NGF. Some of these lines also contain neurofilament 
proteins or exhibit electrophysiological behaviors typical of hip- 
pocampal neurons. The finding that neuronal hippocampal lines 

express NGF is consistent with in situ hybridization studies 
which have shown that neurons are the primary sites of NGF 
synthesis in the unlesioned hippocampus (Rennert and Hein- 
rich, 1986; Ayer-LeLievre et al., 1988; Whittemore et al., 1988; 
Gall and Isackson, 1989). The high levels of NGF protein con- 
tained in the hippocampal lines may reflect the clonal nature of 
the lines as well as the age of the hippocampal tissue from which 
they were derived. NGF expression in situ rises dramatically 
from birth and reaches a developmental peak at approximately 
postnatal day 21 (Large et al., 1986). Similarly, hippocampal 
lines generated from postnatal day 21 synthesize higher levels 
of NGF protein than lines from embryonic day 18 tissue. Age- 
dependent expression has also been observed for septal hybrid 
lines and CAT activity (Hammond et al., 1986, 1990; Lee et 
al., 1990). 

In contrast to NGF protein, NGF mRNA is higher in hip- 
pocampal lines derived from embryonic tissue than postnatal 
tissue. Our finding that cultured murine hippocampal cells 
undergo a dramatic increase in NGF protein but not mRNA 
(Roback et al., 1990) suggests that the behavior of the hippo- 
campal lines may not be an artifact of subcloning or hybridiza- 
tion. NGF expression in situ appears to be regulated by a variety 
of signals, including normal turnover in the hippocampus, septal 
afferents (Korsching et al., 1986; Weskamp et al., 1986) and 
electrical activity (Gall and Isackson, 1989), but expression in 
vitro is regulated only by normal turnover (Roback et al., 1990). 
Since NGF was not detected in the conditioned medium of the 
hippocampal lines or cells (unpublished observations), the high 
levels of NGF protein and relatively low mRNA levels may 
reflect an accumulation of NGF protein and subsequent down- 
regulation of the NGF gene. Alternatively, the high levels of 
NGF mRNA in embryonic lines may result from anomalous 
transcription or processing of the mRNA transcript. The hip- 
pocampal lines described in the present study may thus be used 
as model systems for the study of NGF synthesis and regulation 
in the CNS. In this light, a particularly interesting finding is that 
cis elements within the NGF promoter govern the cell-specific 
and developmental expression of the NGF gene in the periphery 
(Alexander et al., 1989). Permanent cell lines derived from spe- 
cific brain structures that synthesize NGF have not been pre- 
viously reported. 

NGF appears to act with an unknown number of other trophic 
factors since antibody-mediated neutralization of endogenous 
NGF in situ or in cocultures of septum and hippocampus does 
not dramatically decrease septal cholinergic markers, even when 
the antibodies are able to penetrate throughout the tissues (Gnahn 
et al., 1983; Hsiang et al., 1989). Several neurotrophic factors 
have been isolated from peripheral tissues (for review, see Wa- 
licke, 1989). Of these, only NGF and basic fibroblast growth 
factor are known to influence central cholinergic neurons. In- 
traventricular infusion of either factor attenuates the loss of 
axotomized septal cholinergic neurons (Hefti et al., 1984; Krom- 
er, 1987; Anderson et al., 1988). In the CNS, brain extracts and 
wound cavities have been used to partially characterize choli- 
notrophic activities by several laboratories (Sekiguchi et al., 
1975; Bostwick et al., 1987; Emerit et al., 1989). The only tro- 
phic factor to be purified from central tissues and extensively 
characterized is brain-derived neurotrophic factor (Barde et al., 
1987). This factor supports peripheral neurons innervating the 
CNS. 

The hippocampal cell lines, and immortalized neuronal tissue 
in general, provide a more readily available source of material 
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for biochemical analyses than primary tissues. Biochemical 
analyses of such lines can be directed toward isolating the spe- 
cific macromolecules which modulate trophic interactions be- 
tween neurons and their targets. Their clonal nature increases 
the probability of identifying cell lines which express interesting 
trophic activities as well as the likelihood of successfully puri- 
fying and characterizing the molecule(s) responsible for the 
trophic activity [indeed, a rat sarcoma made possible the original 
identification of NGF (Levi-Montalcini, 1987)]. Recently, mod- 
ified cell-immortalization strategies now permit the immortal- 
ization of cells from specific brain regions (Giotta and Cohn, 
1982; Hammond et al., 1986, 1990; Bartlett et al., 1988; Cepko, 
1988; Frederiksen et al., 1988; Lee et al., 1990) but have not 
been widely applied to regions known to elaborate trophic sig- 
nals that participate in the establishment and maintenance of 
the synaptic circuitry of those regions. Since trophic interactions 
change as the nervous system develops, target tissues immor- 
talized at different developmental stages would be particularly 
useful for isolating “neural trophic factors” preferentially ex- 
pressed during specific developmental periods. 

The ability of some of our embryonic and postnatal lines to 
synthesize large amounts of NGF suggests that novel trophic 
factors which influence septal neurons may be produced. More- 
over, the hippocampal origin of the lines raises the possibility 
that identified factors may be target specific and underlie the 
specificity of the neural connections between septal and hip- 
pocampal neurons. Using a serum-free culture system, we found 
that medium conditioned by most hippocampal lines and by 
N18TG2 cells increased the CAT activity of cultured septal 
neurons by relatively modest amounts, up to 75% greater than 
controls. However, medium conditioned by HNlOe cells in- 
creased septal CAT activity by approximately 300% (Fig. 5). 
The HNlOe activity does not appear to represent a nonspecific 
effect of cellular proteins on septal cells in culture since other 
conditioned media with equivalent final protein concentrations 
do not result in similar increases in CAT. Furthermore, the lack 
ofequivalent effect with N18TG2-conditioned medium suggests 
that HNlOe bioactivity may represent the expression of a hip- 
pocampal trait. The HNlOe activity does not appear to be me- 
diated by NGF. Direct quantitation of NGF by ELISA indicates 
that the concentration of NGF in HNlOe-treated wells is over 
lO,OOO-fold less than the concentration of purified, exogenous 
NGF required for a similar effect (Fig. 5). In addition, prelim- 
inary results indicate that the cholinotrophic activity of HN 1 Oe 
is not affected by antibody-mediated neutralization of NGF but 
is sensitive to proteases and heat (unpublished observations). It 
also appears unlikely that epidermal growth factor or basic fi- 
broblast growth factor are responsible for the trophic activity. 
In concentrations equal to or greater than those which have 
been found to enhance neuronal survival in other in vitro sys- 
tems (Morrison et al., 1987; Walicke, 1989) epidermal growth 
factor and basic fibroblast growth factor have significantly less 
of an effect on septal CAT activity in our bioassay than does 
the HN 1 Oe conditioned medium. 

It will be of interest to examine the effects of differentiating 
agents as well as trophic factors on the hippocampal lines. Dif- 
ferentiating agents act through many different mechanisms to 
modulate the properties of the permanent cell lines. For ex- 
ample, retinoids and elevation of intracellular CAMP are fre- 
quently used to differentiate neuroblastoma lines (Nirenberg et 
al., 1983; Edde and Darmon, 1985). Fibroblast growth factors 
and amyloid p protein enhance the survival of cultured hip- 

pocampal neurons (Walicke, 1988; Whitson et al., 1989). Re- 
ceptors for epidermal growth factor have recently been detected 
in the hippocampus and neocortex.(Wemer et al., 1988). Epi- 
dermal growth factor promotes the survival and differentiation 
of cultured cortical neurons (Morrison et al., 1987), but its func- 
tion in the hippocampus unclear. Trophic influences of an un- 
conventional nature may also be examined. Recently, electrical 
activity was shown to alter hippocampal NGF production (Gall 
and Isackson, 1989). Such studies will help us to understand 
the mechanisms by which these influences regulate hippocampal 
function. 

Trophic cues operate throughout life to modulate neural func- 
tion. These cues influence the properties of not only projecting 
neurons, but also target neurons. The identification of novel 
neurotrophic factors will provide a better understanding of the 
regulatory cues underlying the formation and maintenance of 
specific neural pathways and may provide a rationale for the 
treatment of neurodegenerative diseases. The generation of hip- 
pocampal cell lines from various stages of development provides 
a useful tool to examine differentiating agents, trophic cues, and 
the excitable properties of hippocampal neurons. 
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