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In mouse, the majority of the neuroendocrine neurons become 
post-mitotic between embryonic day (E) 12 and 14. After E14, 
these neurons start to produce specific neurohormones and 
migrate from the germinal ventricular neuroepithelium to their 
final destinations, where they form discrete nuclei.1 Previous 
mouse genetic studies have identified several transcription factors, 
with specific temporal and regional patterns of expression, that 
form a developmental “transcription factor code”2 and that con-
trol the development of the hypothalamic neuroendocrine nuclei.3

Although some of the genetic programs that control the for-
mation of the hypothalamic nuclei are starting to be uncovered, 
the selection and lineage of neuroendocrine progenitors as well 
as the specification of their neuronal identities remain largely 
unknown. A significant improvement for the study of these 
aspects might stem from the establishment of in vitro hypotha-
lamic precursor cell systems.

Recently it has been shown that the adult mouse hypothala-
mus contains resident neural stem cells (NSCs), located in neu-
rogenic niches and identified as α-tanycytes, which derive from 
fetal radial glia.4 To date, most of the studies aimed at isolating 
and expanding hypothalamic NSCs in vitro have focused on post-
natal or adult rat sources. Although some of these works reported 
the generation of neuroendocrine cells, which can secrete hypo-
thalamic neurohormones,5 none of them has been successful in 

obtaining pure and stable neurogenic cell lines. Further, other 
investigators have described the generation of hypothalamic-
like NSCs and neurons from pluripotent embryonic stem cells 
(ESCs),6,7 but with very low efficiency. More recently, the isola-
tion of neurospheres from E18 rat hypothalamus able to differen-
tiate into neurons has been reported.8

In the present study, we sought to address this by generating a 
stable cell line of fetal mouse hypothalamic NSCs (named AC1) 
that grows as monolayer, retains hallmarks of hypothalamic 
radial glia, and may efficiently differentiates into hypothalamic 
neurons with neuroendocrine features.

The AC1 cell line has been derived from E14.5 fetal hypothal-
amus using a procedure described by Conti et al.9 and reported 
in the Supplementary Data. LC1 cells, generated from ES 46C 
CAG cells, were propagated as previously described9 and used as 
a control neural stem cell line for the comparison of the expres-
sion of stem cell and neuronal differentiating factors.

Once established, AC1 and LC1 cell lines were routinely 
grown in uncoated 25 cm2 flasks in Self-Renewal Medium 
(SRM) (see Supplementary Materials and Methods). The AC1 
cells used for this study have been propagated for at least 25 pas-
sages (more than 100 duplications) and underwent to two cycles 
of cryostorage without significant modification of their morphol-
ogy, doubling time or capacity of growth as a monolayer.
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the present study describes the generation and the characterization of a stable cell line of neural stem cells derived 
from embryonic mouse hypothalamus. these cells (AC1) grow as an adherent culture in defined serum-free medium and 
express typical markers of neurogenic radial glia and of hypothalamic precursors. After prolonged expansion, AC1 cells 
may be efficiently induced to differentiate into neurons and astroglial cells in vitro and start to express some hormonal 
neuropeptides, like trH, CrH, and poMC. based on the capabilities of AC1 cells to be stably expanded and to develop 
neuroendocrine lineages in vitro, these cells might represent a novel tool to elucidate the mechanisms involved in the 
development of the hypothalamus and in the specific differentiation of neuroendocrine neurons.
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AC1 and LC1 cells were differentiated according to an opti-
mized protocol previously described.10 Briefly, the day after plat-
ing in SRM, the cells were shifted to differentiation conditions 
in D1 medium composed of EUROMED-N medium supple-
mented with 1% B27, 0.5% N2, and 10 ng/mL bFGF. After 3 
d, the cultures were gently detached and the cells plated on lam-
inin coated (3 µg/mL) plastic 4-well plates at a density of 6–7 
× 104 cells/cm2 in D2 medium (1:3 mix of DMEM/F-12 and 
Neurobasal medium, 0.5% N2, 1% B27, 10 ng/mL bFGF, and 
20 ng/mL of brain-derived growth factor [BDNF]). After 3 d of 
culture in D2 medium, the cells were exposed to D3 medium 
(1:3 mix of DMEM/F-12 and Neurobasal medium, 0.5% N2, 
1% B27, 6.7 ng/mL bFGF, and 20 ng/mL BDNF). The cells were 
maintained under these conditions for an additional 7–15 d, and 
the D3 medium was partially changed every 2–3 d. Descriptions 
of the other procedures adopted (growth assay, immunofluores-
cence and RT-PCR) are reported in Supplementary Materials 
and Methods.

In order to isolate and establish a stable culture of hypotha-
lamic embryonic radial glia cells, we dissected and dissociated the 
hypothalamic region of E14.5 mouse brain (Fig. 1A) to obtain a 
single cell suspension. The cells were then plated and maintained 
in defined SRM (see Supplementary Materials and Methods 
and ref. 9). Hypothalamic neural precursors initially aggregated 
and grew as floating structures (Fig. 1B). Five days after plat-
ing, the aggregates were harvested, dissociated, and re-plated into 
fresh medium. At this stage, the cells attached within 2–3 d and 
grew as a population of adherent cells (Fig. 1C). At this time, 
the cells were harvested and replated into fresh medium generat-
ing a population of adherent bipolar cells (Fig. 1D). These cells, 
named AC1, have been then continuously and rapidly propagated 
with a doubling time of approximately 24 h (Fig. S1A). In order 
to define the identity of the AC1 cells, we analyzed the expression 
of immature and mature neural lineage cell markers by RT-PCR 

and immunofluorescence assays. RT-PCR analyses indicated 
that AC1 cells express Nestin, Sox2, and Pax6 (Fig. S1B), which 
are indicative of NSC identity and are highly expressed in mouse 
ES and fetal-derived adherent radial glia-like NSCs.9 To cor-
roborate these results and confirm the radial glia identity of 
stabilized AC1 cells we performed double immunofluorescence 
experiments. For comparison, we used LC1 cells as they rep-
resent an established model of adherent mouse radial glia-like 
NSCs (Fig. S2A).9 Double immunofluorescence experiments for 
nestin/SOX2 (Fig. 2A) and PAX6/vimentin (Fig. 2B) showed 
an intense immunoreactivity for these markers in more than 
98% of AC1 cells. Like the LC1 cell line, AC1 cells were also 
immunopositive for Olig2 (a maker of ventral neural tube) and 
RC2 (a phosphorylated form of nestin specifically expressed in 
radial glia cells)11 (Fig. 2C), while they were immunonegative for 
markers of neuronal (βIII-tubulin) and astroglial (glial fibrillary 
acidic protein, GFAP) lineages (Fig. 2D). This indicates that self-
renewal culture conditions preserved the multipotency of AC1 
cells and suppressed their differentiation toward mature lineages.

NSCs in the developing brain are characterized by a region-
specific identity. In order to define the hypothalamic identity 
of AC1 cells, we performed RT-PCR screening using embryonic 
hypothalamic markers. We focused our attention on a specific 
set of transcription factors known to be involved in the devel-
opment of different neuroendocrine cell lineages, such as Otp, 
Brn2, Sim1, Sim2, Arnt2, Gsh1, Mash1, and Nhlh2. Specifically, 
we found that cultures of AC1 cells expressed Arnt2 and Mash1; 
of note, the transcript for Brn2 was faintly detected only at 
early passages (up to passage 7) (Fig. 2E) but it was lost in most 
advanced cultures (passage 22) possibly due to an initial hetero-
geneity of AC1 cultures that became more homogeneous at later 
passages. Instead, Otp, Sim1, Sim2, Gsh1, and Nhlh2 transcripts 
were absent (Fig. 2E). Immunofluorescence analysis confirmed 
the presence of a clear and homogeneous nuclear signal for both 
ARNT2 and MASH1 almost in all AC1 cells under self-renewing 
growth, with a high proportion of cells showing colocalization of 
the two transcription factors (Fig. 2F). These data indicate that 
AC1 cells exhibit hallmarks of neural (Mash1) and hypothalamic 
progenitors (Arnt2 and Brn2).

To test the differentiative potential of AC1 cells, these cells 
were grown in culture conditions previously shown to promote 
the acquisition of neuronal and astroglial identities of NSCs.10 
Thus, AC1 and LC1 cells were cultured in differentiation media 
without EGF but with a gradual decrease of FGF-2 and a simul-
taneous increase of BDNF concentrations (see Materials and 
Methods).

After 3–5 d of culture in these conditions, morphologi-
cal changes and the acquisition of a neuronal phenotype were 
observed. Phase contrast microscopy inspection revealed that the 
differentiating protocol induced the loss of typical self-renewing 
associated morphology (Fig. 3A) and the acquisition of a more 
neuronal-like phenotype. After 3 d of culture and onwards, AC1 
cells exhibited thin and elongated processes, typical of mature 
neurons (Fig. 3B) that gradually increased in size and number 
with differentiation time (Fig. 3C). Immunofluorescence analy-
sis confirmed that in these conditions AC1 cells exhibit a strong 

Figure 1. (A) images of the hypothalamic area dissected from wild-type 
e14.5 mouse brain to generate parental AC1 cells (panels 1–2). the cells 
were plated in medium supplemented with of bfGf and eGf (schematic 
in 3). (B–D) phase-contrast images of AC1 cells taken 5 d after the initial 
plating in vitro (p0) (B), at passage 1 (p1) (C), and passage 2 (p2) (D). Scale 
bars: 10 mm (A), 100 μm (B-D).
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decrease of nestin expression and instead 
started to express typical neuronal mark-
ers such as βIII-tubulin and microtubule-
associated protein-2ab (MAP2ab) and, 
with less extent, the glial marker GFAP 
(Fig. 3D–F).

Measurement of neural cell frequency 
after the differentiation protocol showed 
that nestin immunoreactivity was restricted 
near to 18.4% of the cells and that 48.3% 
of the cells were immunopositive for βIII-
tubulin, 52.5% for MAP2ab, and 17.4% 
for GFAP. These results are strictly com-
parable to those obtained in LC1 cells dif-
ferentiated under the same experimental 
conditions (nestin+ve cells: 10.4%; βIII-
Tubulin+ve cells: 53.5%; MAP2ab+ve cells: 
44.7%; GFAP+ve cells: 4.3%; Fig. S2B)9 and 
to most radial glia-like NSC lines, which 
show a neurogenic potential of approxi-
mately 50–85%.10,12 Immunofluorescence 
analysis also confirmed the expression of 
ARNT2 and MASH1 in almost all dif-
ferentiated AC1 cells, with an high level 
of colocalization (Fig. S3A). Moreover, 
MASH1 signal appeared present mainly 
in MAP2ab-positive neurons; similarly, 
ARNT2 immunoreactivity was highly 
colocalized with βIII-tubulin positive cells. 
(Fig. S3B and C).

In order to verify the hypothalamic identity of AC1 cells after 
differentiation, we analyzed the expression of typical neuroendo-
crine hypothalamic markers. Candidate gene expression analysis 
by RT-PCR was performed on stabilized AC1 cells in self-renewal 
conditions and after 3 and 15 d of in vitro differentiation (DIV) 
(Fig. 3G). We observed four different groups of expression pat-
terns. First, we found an apparent gradual increase of Arnt2 and 
Mash1, two genes already present in self-renewal conditions, at 
3DIV and 15DIV. Moreover, the differentiation of AC1 cells was 
accompanied by the appearance of transcripts for Otp, Brn2, and 
Sim1, whose expression appeared early (3DIV) after the shift to 
differentiating conditions and was maintained at the later time 
of observation. Of note, the Brn2 transcript, weakly present in 
early cultures, appeared to be lost in the most advanced cultures; 
however, the exposure of the cells to differentiating conditions 
restored Brn2 expression early at 3DIV. Sim2 and Gsh1 tran-
scripts became detectable only after prolonged exposure to differ-
entiating settings (15DIV), while we never detect the transcript 
for Nhlh2 either in self-renewing or differentiated AC1 cells.

Based on the results indicating that AC1 cells can generate 
neuroendocrine neurons, we then asked whether differentiated 
AC1 cells expressed hypothalamic peptides. To address this ques-
tion, we studied the expression of different peptides and of tyro-
sine hydroxylase, a marker of dopaminergic neurons, by RT-PCR 
under self-renewing and differentiating conditions. As shown in 
Figure 4A, these factors were all expressed in adult hypothalamic 

RNA extracts, used as control (Ctrl+); no transcripts were evi-
dent in samples not incubated with reverse transcriptase (Ctrl-). 
In RNA extracted by AC1 cells, we did not find any transcript for 
the factors considered in cells maintained in self-renewing cul-
ture conditions (DIV0). After 3DIV, AC1 cells started to express 
proopiomelanocortin (Pomc); a faint signal of transcript for Trh 
was also present in AC1 cells at this time of observation. At a later 
time point of neural differentiation (15DIV) transcripts for Pomc, 
Trh, and Crh were clearly detected. These results confirmed the 
capacity of differentiating AC1 cells to assume specific hypotha-
lamic neuropeptidergic phenotypes.

In contrast to our rapidly increasing knowledge of hypotha-
lamic neuronal varieties and their functions, the developmental 
processes that govern the specification of the different neuroen-
docrine subtypes remain poorly understood. With this view, the 
availability of in vitro stable self-renewing hypothalamic NSCs 
might offer substantial advantages.

Here we report the establishment of a novel in vitro experimen-
tal model of hypothalamic NSCs, named AC1 cells, obtained from 
the developing mouse hypothalamus at E14.5.1 These cells can be 
propagated in vitro, maintain high neurogenic potential and can 
generate neuronal cells expressing some hypothalamic peptides. 
AC1 cells have a radial glia identity and maintain the positional 
code of their hypothalamic origin. Because of the direct deri-
vation of adult hypothalamic NSCs (identified as α-tanycytes) 
from local fetal radial glia, AC1 cells could represent a valuable 

Figure 2. (A–D) Self renewing AC1 cells at (passage 22) immunostained for neural stem cell mark-
ers SoX2, nestin, pAX6, vimentin, olig2, for the radial glia marker rC2 and for markers for neurons 
(βiii-tubulin) and astrocytes (GfAp). examples of immunopositive and immunonegative cells are 
indicated with solid arrowheads and empty arrows, respectively. Nuclei were counterstained with 
DApi (A’–D’). (E) rt-pCr analysis on self-renewing AC1 cells revealed the expression of markers 
for developing hypothalamic progenitors such as Brn2, Arnt2, and Mash1. rNA from e14.5 hypo-
thalamus was chosen as positive control (Ctrl+). the picture is representative of three independent 
experiments with consistent results. (F) Self-renewing AC1 cells at (passage 22) immunostained 
for ArNt2 and MASH1. examples of double immunopositive cells are indicated with a solid arrow-
head. Nuclei were counterstained with DApi (F’). immunofluorescence images are representative 
of at least two independent experiments. Scale bar: 50 μm (A–D’, F, and F’).
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tool to better understand the molecular mechanisms behind the 
developmental transition from radial glia to α-tanycytes.4

Moreover, AC1 cells differ from the other in vitro isolated 
hypothalamic precursors models described so far and can be 
considered complementary to these systems, in respect to purity, 
stability and neuron differentiation efficiency.10,12,13 For instance, 
AC1 cells can be propagated in vitro for more than 100 doubling 
times without loss of their composition and radial glia identity, as 
confirmed by the expression of specific molecular markers (i.e., 
nestin, SOX2, RC2, vimentin).9,14 In addition, AC1 cells grow as 
an adherent monolayer, a condition that allows easy cell manipu-
lation and that is pivotal to perform phenotypic assays.15,16

In fact, although the isolation of hypothalamic neural pre-
cursors with neuroendocrine characteristics has been previously 
reported, none of these studies has successfully generated a sta-
ble radial glia-like hypothalamic NSCs at high efficiency.5,7,8,17 
Markakis and co-authors first described the isolation of progenitor 
cells from 7-wk-old rat hypothalamus; these cells grew as mono-
layer and generated, following retinoic acid and forskolin treat-
ment, only a small percentage (between 0.5 and 5%) of immature 
neurons.5 Since they were not expanded in vitro for more than 
5–7 passages and were not subcloned, to our mind these cultures 
are reminiscent of primary cultures rather than stable NSC lines. 
Furthermore, these cells expressed neuroendocrine peptides both 

in differentiated and undifferenti-
ated cultures, possibly reflecting an 
identity of hypothalamic committed 
precursor identity rather than that of 
hypothalamic NSCs.

More recently, Salvi and co-
authors isolated NSCs from rat 
embryonic (E18) and adult hypo-
thalamus8 forming contrast to AC1 
cells, these cells grew in suspension 
as neurospheres, a mixed culture sys-
tem that is poorly enriched in NSCs 
and that makes the interpretation of 
the expression and molecular pro-
files difficult.18 In addition, these 
cells showed limited expandability 
(maximum of 6 passages) and scarce 
neuronal differentiation efficiency 
(about 5% of βIII-tubulin immu-
noreactive cells); furthermore, once 
differentiated they were restricted 
to the GnRH neuronal subtype 
possibly indicating that these cells 
represent a GnRH-committed pop-
ulation. Noteworthy, precursors of 
GnRH neurons originate outside the 
hypothalamus and migrate into this 
region from E11.

Other studies have described the 
development of neuroendocrine cells 
in vitro from mouse ESCs (mESCs). 
For instance, it has been shown that 

mESCs can differentiate into hypothalamic dopaminergic neu-
rons following treatment with the signaling molecules SHH and 
BMP7.6 More recently, Sasai’s lab reported that neuroectodermal 
cells derived from ESCs might differentiate into rostral hypo-
thalamic-like progenitors and into hypothalamic neuroendocrine 
neurons expressing OTP, BRN2, and vasopressin.7 However, 
while mESCs represent a good system to study developmental 
processes, these cells may give rise to very heterogeneous lineages; 
in contrast AC1 cells, derived from a restricted (hypothalamic) 
population of NSCs, would have the advantage of being a system 
more suitable to molecular screenings.

Finally, the hypothalamic origin of AC1 cells is supported by 
our findings. Consistent with the most recent hypothesis of gene 
specification in the generation of hypothalamic neuronal diver-
sity,19,20 AC1 cells mainly express Arnt2 and Mash1 and maintain 
this expression throughout the propagation in culture. In partic-
ular, Arnt2 is expressed early in hypothalamic neuroepithelium21 
and plays a role in the differentiation of mature neurosecretory 
neurons of the hypothalamic paraventricular, supraoptic, and 
anterior periventricular nuclei,22-24 whereas the proneural gene 
Mash1 is required for the generation of ventral neuroendocrine 
progenitors of ventromedial and arcuate nuclei.25 These results 
are therefore suggestive of the presence in AC1 cells of hypo-
thalamic stem cells committed to develop the two main class of 

Figure 3. (A–C) phase-contrast images of stably AC1 cell cultures taken before, in self renewal conditions, 
(A) and after 3 (B), and 15 (C) days of in vitro differentiation (DiV). Solid arrowheads point at examples of 
neurites emerging from AC1 cell bodies. (D–F) immunofluorescence images, representative of at least 
two independent experiments, of AC1 cells stained for neural precursors (βiii-tubulin, MAp2ab and nes-
tin) and astroglial (GfAp) markers (D–F). Nuclei were counterstained with DApi. Solid arrowheads point at 
examples of immunopositive neurites for the indicated markers. (G) rt-pCr on AC1 cells at different time 
points of differentiation (0, 3, and 15 DiV) revealed changes in the expression of markers for developing 
hypothalamic neurons with the appearance of transcripts for Otp, Brn2, Sim1, Sim2, and Gsh1. Scale bar: 
50 μm (A–F).
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neuroendocrine nuclei. The lack of Otp, the main gene indicative 
of hypothalamic development, in AC1 cells19 is instead justified 
by the observation that proliferating progenitors of the hypotha-
lamic ventricular zone do not express Otp.26

Further, the finding of a broader pattern of expression of the 
“hypothalamic transcription factor code” in AC1 cells, includ-
ing Otp and the major downstream genes (Sim1, Arnt2, Brn2, 
Gsh1, and Sim2), after neural differentiation, demonstrated that 
the AC1 cell line is indeed composed of hypothalamic neural 
progenitors.

Consistent with the activation of specific hypothalamic 
genetic pathways,19,20 differentiated AC1 cells also express genes 
coding for some hypothalamic peptides, such as Trh, Crh, and 
Pomc. The expression of Crh is consistent with the activation of 
the Otp-Arnt2/Sim1-Brn2 differentiative pathway. The expres-
sion of Trh may result from the activation Otp-Arnt2/Sim1-Sim2 
pathway (Fig. 4B). Accordingly, it has been reported that BDNF, 
a growth factor present in the differentiation protocol adopted 
in this study, may induce the differentiation of TRH-producing 
neurons as well as the expression of Trh gene.27,28 The presence of 
Pomc transcript, usually expressed by ARC neurons, in differen-
tiated AC1 cells fits with the expression of MASH1,20,25 which is 
required for normal development of POMC-expressing neurons, 
although it does not directly affect POMC expression.25

The absence of transcripts for other neuroendocrine peptides 
(like Avp, Ot, Ss, and Ghrh) and TH, despite the activation of the 
main hypothalamic transcription factors, seems to suggest either 
the lack in differentiated AC1 cells of AVP and OT-producing 
magnocellular neurons or of the activation of still unidentified 
factors or pathways involved in specific differentiation that will 
be the subject of future investigations.

In conclusion, in the present study we provide evidence that 
AC1 cells represent a stable and accessible source of mouse hypo-
thalamic NSCs with a specific radial glia identity. AC1 cells 
would represent a useful tool to investigate in vitro the mecha-
nisms possibly involved in development, differentiation, and 
fate of hypothalamic neurons with neuroendocrine features. 
Deciphering the genetic patterns governing the development of 
the neuroendocrine system will also help to better understand 
the molecular pathogenesis of hypothalamic dysfunctions and to 
establish novel diagnostic/therapeutic tools.
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Figure  4. (A) rt-pCr analysis for the expression of hypothalamic pep-
tides and tyrosine hydroxylase (Th), as markers of mature hypothalamic 
neurons, in AC1 cells at different time points of differentiation (0, 3, and 
15 DiV) revealed the presence of Pomc transcript at 3 and 15 DiV and the 
expression of Crh and Trh at 15 DiV. the picture is representative of three 
independent experiments with consistent results. Ctrl+, positive control 
(adult mouse hypothalamus); Ctrl-, pCr negative control (rNA samples 
not retrotranscribed). Avp, arginine-vasopressin; Npy, neuropeptide Y, 
Ot, oxytocin; Pomc, proopiomelanocortin; Ss, somatostatin; Th, tyrosine 
hydroxylase; Gapdh, Glyceraldehyde 3-phosphate dehydrogenase. (B) 
Schematic representation of the transcription factors suggested to be 
required for the development of hypothalamic nuclei (hypothalamic 
transcription factor code) and the differentiation of neuroendocrine neu-
rons in mouse. in gray those not expressed, and as well as the pathways 
not activated, in AC1 cells under the neuronal differentiation protocol. 
pVN, paraventricular nucleus; apV anterior periventricular nucleus,; SoN, 
supraoptic nucleus; ArC, arcuate nucleus; VMN, ventromedial nucleus; 
DA, dopaminergic neurons of the A11 group.
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