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Abstract: In adulthood, differentiation of precursor cells into neurons continues in several brain
structures as well as in the olfactory neuroepithelium. Isolated precursors allow the study of the
neurodevelopmental process in vitro. The aim of this work was to determine whether the expression
of functional Voltage-Activated Ca2+ Channels (VACC) is dependent on the neurodevelopmental
stage in neuronal cells obtained from the human olfactory epithelium of a single healthy donor.
The presence of channel-forming proteins in Olfactory Sensory Neurons (OSN) was demonstrated
by immunofluorescent labeling, and VACC functioning was assessed by microfluorometry and the
patch-clamp technique. VACC were immunodetected only in OSN. Mature neurons responded to
forskolin with a five-fold increase in Ca2+. By contrast, in precursor cells, a subtle response was
observed. The involvement of VACC in the precursors’ response was discarded for the absence of
transmembrane inward Ca2+ movement evoked by step depolarizations. Data suggest differential
expression of VACC in neuronal cells depending on their developmental stage and also that the
expression of these channels is acquired by OSN during maturation, to enable specialized functions
such as ion movement triggered by membrane depolarization. The results support that VACC in
OSN could be considered as a functional marker to study neurodevelopment.

Keywords: calcium flux; differentiation process; human precursors; neuronal excitability;
voltage-gated Ca2+ channels; neuropsychiatric disorders

1. Introduction

The physiopathology of schizophrenia (SZ) has been associated with alterations in the fetal
brain development in the second trimester of pregnancy. In particular, abnormal neurogenesis,
neuronal migration and differentiation take place causing structural brain alterations and diminished
synaptic contacts. Evidence supporting the neurodevelopmental hypothesis in the etiology of various
neuropsychiatric disorders has been reported. In patients with SZ, histopathological analysis of
post-mortem brain samples has revealed alterations in the proliferation of hippocampal neuronal
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precursors [1,2]. In addition, the expression of immature markers predominates in this brain structure
in SZ [3,4], and the ratio of mature/immature olfactory sensory neurons is reduced [5], suggesting
an impairment in neuronal maturation. Furthermore, a diminished odor perception and a decreased
volume of the olfactory bulb have been described in neuropsychiatric patients [6]. One important
feature is that odors are sensed at the olfactory neuroepithelium, through specialized receptors
coupled to adenylate cyclase III and calcium channels [7]. This neuroepithelium, located at the
nasal cavity, is also rich in neuronal precursors that can be collected by non-invasive procedures
such as exfoliation [8], and offers a reliable model to characterize and study the neurodevelopment
process in vitro, in samples obtained from healthy subjects or from patients with neuropsychiatric
disorders. For in-depth studies with this model, it is necessary to establish the similarities between
neurons from the Central Nervous System (CNS) and from the olfactory neuroepithelium at specific
neurodevelopmental stages.

In adulthood, the ability to supply newborn neurons continues in several neurogenic structures
of the CNS, which enables the replacement of dead neurons [9,10] in order to maintain the integrity
of the cerebral architecture and its functioning [11]. The integrated-newborn neurons originate from
precursor cells capable of differentiating and specializing into neuronal or glial lineages [12,13].
Precursor cells from several neurogenic zones in rodents have been isolated and maintained under
culture conditions [14]. In vitro, the mechanisms of excitability to generate electrophysiological signals
(including VACC) are only present in cells that express molecular markers that correspond to mature
neurons, and these properties are absent in undifferentiated neuronal precursor cells [15,16], suggesting
that these mechanisms are acquired along the neuronal differentiation.

Similarly, in the olfactory neuroepithelium, OSN are continuously replaced even in adulthood [17].
In OSN, VACC are involved in the olfactory pathway by which the chemical properties of odorants
are transduced into electrophysiological signals to encode them in distinctive patterns of action
potentials [7]. In this peripheral neuroepithelium, as well as in neurogenic areas of the CNS,
replacement of dead neurons and glial cells depends on the differentiation of mitotically active
precursor cells [18]. Isolation of neuronal precursors from the human olfactory epithelium has been
performed by biopsy, laser-capture microdissection, or exfoliation [8,19–21], and the enrichment of the
culture with mitotically-active precursor cells has been performed by the cloning assay which allows
for obtaining robust cellular responses to pharmacological and physiological stimuli [22]. Because the
culture of human olfactory epithelial precursors maintains a population with an undifferentiated state
but also some of the cells might mature spontaneously into neurons, we therefore hypothesized that
this culture constitutes an adequate experimental model to determine whether the expression and
functioning of VACC differ among neurodevelopmental stages.

Before addressing the study of VACC in cells from neuropsychiatric patients, in this work,
we characterized VACC in cloned cells from the olfactory neuroepithelium of a healthy subject.
The presence of VACC at specific developmental stages was detected by immunofluorescence staining,
and the functioning of VACC was determined by microfluorometry and electrophysiological recording.
VACC were co-detected with Olfactory Marker Protein (OMP) in OSN, but not in nestin(+) cells
(neuronal precursors). OSN responded to forskolin with a high entry of Ca2+, and depolarization steps
evoked a specific Ba2+ inward current, whereas in precursor cells, the forskolin-induced response was
lower and Ba2+ currents were absent. These results strongly suggest that expression of functional
VACC is a mechanism of excitability acquired by OSN along their differentiation, and therefore could
be used as a marker of functional maturity of these neurons.

2. Results

2.1. Antibody Characterization by Western Blot

Reaction of antibodies against OMP and either L- or N-type VACC was shown by immunoblotting
(Figure 1). The anti-OMP antibody detected a single band of ~18 kDa. The anti-L-type channel
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antibody recognized a single band of ~240 kDa and the anti-N-type channel detected a main protein
band of ~260 kDa (Figure 1A). Increasing amounts of total protein obtained from hippocampus and
loaded in the gels showed a linear increasing in OD intensity of the bands recognized by either the
L- or N-type channels (Figure 1B,C). Antibody reactivity with proteins of cloned neuronal precursors
extracts was compared with immunoreactivity of proteins in rodent hippocampal tissue, and N1E-115
cell homogenates. The anti N-type and L-type calcium channel antibodies recognized a protein band of
similar molecular weight in extracts obtained from different cells. However, tissue-specific differences
were observed and major detection was observed in hippocampus tissue, while a slight band was seen
in NIE-115 cell extracts. Specificity of secondary antibodies was verified by incubation with a solution
without the primary antibodies; as shown in figure 1 there were no signal bands in this condition
(Figure 1D,E).
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2.2. Immunodetection of Olfactory Sensory Neurons (OSN), Precursor Cells and Voltage-Activated Ca2+ 
Channels (VACC) 
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Figure 1. Characterization of OMP and VACC antibodies. Specificity of antibodies was assessed by
Western blot, using rat olfactory epithelium extracts for OMP detection, as well as mouse hippocampus
(HP), cultured human olfactory neuronal precursors (ONP) or neuroblastoma N1E-115 cell (NB) extracts
for VACC detection. (A) Antibodies against OMP, and L- and N-type VACCs detected single bands
of ~18, ~240 and ~260 kDa, respectively, corresponding to the reported molecular weight of these
proteins; (B,C) increasing amounts of protein from HP were assayed with anti-L-type (B) or anti-N-type
(C) VACC antibodies. Densitometric analysis showed a linear increase in OD with respect to total
protein amount; (D,E) Equal amounts of protein from HP, ONP or NB were assayed with anti-L-type
(D) or anti-N-type (E) VACC antibodies. As a control of secondary antibody specificity, omission of the
primary antibodies showed no ECL-signal (middle panels of (D,E)). Bovine serum albumin was used
as an external load control for these experiments (lower panels of (D,E)).

2.2. Immunodetection of OSN, Precursor Cells and VACC

The cellular stage of neurodevelopment was identified by immunofluorescence staining of specific
markers, i.e., the protein nestin was detected to identify precursor cells and the protein OMP to
distinguish OSN. In addition, immunodetection of the α subunit of N- or L-type Ca2+ channels was
performed. In these experiments, the proportion of OMP positive stained cells [OMP(+)] was similar
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to the proportion of cells labeled with the N- or L-type channel antibodies, but was significantly lower
regarding the population of nestin(+) cells (Figure 2A,B) (non-parametric ANOVA, p = 0.029). Figure 2A
(right panel) shows the nuclei counterstained with DAPI, which made possible the assessment of the
proportion of each cell population.
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Figure 2. Immunodetection of olfactory sensory neurons, precursor cells and channel proteins in
cultured cells obtained by the cloning assay. Cells in passage 20 were cultured during three days.
OSNs were detected with an antibody against the OMP. N- and L-type channels were stained with an
antibody directed against the pore-forming α-subunits of these channels. Precursor cells were detected
with an anti-nestin antibody. (A) shows representative images of cells positively stained to OMP,
L- and N-type channels and nestin. The graph in (B) depicts the percentage of positive cells counted
in 10 randomly selected fields by triplicate: OMP(+) cells: 2.9% ˘ 0.5%; L-Type(+) cells: 1.9% ˘ 0.3%;
N-type(+) cells: 3.1% ˘ 0.7%; Nestin(+) cells: 76.4% ˘ 3.5%. For negative control, the incubation of
cells with each primary antibody was omitted (Supplementary Figure S1); (C) representative images
showing an OMP(+) cell in green, and a nestin(+) cell in red detected by immunofluorescence. Nuclei
were stained with DAPI and shown in blue. The arrowhead signs a cell stained with Coomassie
blue that shows the typical morphology of the OSN. The arrow signs a spread flat cell. Mean and
Standard error (SE) were plotted and data were compared with non-parametric ANOVA test and a
Student-Newman-Keuls method. * p = 0.029.

Due to the impossibility to perform electrical recording in immunostained fixed cells, we identified
OSN by their typical morphological features, characterized by a round or ellipsoidal soma from which
a dendrite with a knob at its end is projected. Similarly, precursor cells showed a spread flat cytoplasm
without clear projections. This characteristic morphology of OSN (OMP+) and precursor cells (nestin+)
was confirmed by immunofluorescence staining (Figure 2C).
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Thus, to explore whether these channels are detected specifically in OSN but not in precursor
cells, simultaneous double-staining procedures were performed. Representative images show that the
L-type channel α subunit was found only in OMP(+) cells (Figure 3). Additionally, images show that
both L- and N-types of Ca2+ channels were co-detected (Figure 3).
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Figure 3. L- and N-type Ca2+ channels detection in olfactory sensory neurons. Cells in passage 20 were
cultured over three days. (A) Representative images with simultaneous staining of OMP and the L-type
channel α-subunit and of both L- and N-type channel α-subunits; (B) graph shows that L-type channels
were detected only in OMP(+) cells, and in addition, both channel types were co-detected. For negative
control, the incubation of cells with the primary antibodies was omitted (Supplementary Figure S1).

Taken together, immunofluorescence results suggest that both of the VACC pore-forming proteins
detected were specifically expressed in OSN.

2.3. Forskolin Induced an Increase in the Concentration of Intracellular Ca2+

Intracellular free Ca2+ concentration was determined by measuring the fluorescence emitted by
the Fura-2/Ca2+ complex to study the functioning of VACC in cells previously identified, as described
above, as OSN or precursors (n = 5). Baseline concentration of Ca2+ was 50 ˘ 13 nM and no statistical
differences were detected between OSN and precursors (Student t-test, p = 0.62). Furthermore,
incubation with forskolin induced an increase in intracellular Ca2+ concentration in both types of cells;
however, the response was five-fold higher in OSN (Figure 4A) than in precursor cells (Figure 4B),
and significantly different (Figure 4C,D) (Student t-test, p = 0.027). In all experiments, two stimuli of
forskolin were applied with a 15-min inter-stimulus period, and no statistical differences were found in
the response amplitude (Figure 4C,D) (Student t-test, in Figure 4C p = 0.718 and in Figure 4D p = 0.938).
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Figure 4. Forskolin-induced response in neuronal cells isolated from the human olfactory epithelium.
Cloned cells in passage 20 were plated in round coverslips treated with rat collagen and cultured for
three days. Intracellular free Ca2+ concentration increase was elicited with a perfusion of forskolin and
measured by microfluorometry using Fura-2. (A) Intracellular Ca2+ concentration measured in OSNs;
(B) intracellular Ca2+ concentration measured in Neuronal Precursors (NP). Two stimuli of forskolin
were applied with an inter-stimulus interval of 15 min; (C) OSN; and (D) NP. Comparison between the
amplitude of the responses obtained with both forskolin stimulations. Mean and SE were plotted and
data were compared with a paired Student t-test; statistical differences were not detected between the
responses in each group ((C) p = 0.718 and (D) p = 0.938).

To determine VACC involvement in the forskolin-induced intracellular Ca2+ increase, OSNs were
selected for recording and the specific Ca2+ channel blockers ω-Conotoxin (to block N-type channels)
and D-600 (to block L-type channels) were used. Cells were perfused with the blockers 5 min prior
to the second stimulation with forskolin, and the amplitude of this response was compared with the
first to determine the contribution of each channel type to the total increment of intracellular Ca2+.
In cells perfused with ω-Conotoxin (n = 5), the amplitude of the second response was reduced by
43% regarding the first (Figure 5A). Perfusion with D-600 (n = 5) reduced the second response by 55%
(Figure 5B), and the mix of both blockers (n = 5) blunted the response by 89% (Figure 5C). Significant
differences were obtained between the groups (ANOVA and Tukey test, p < 0.001) (Figure 5D).
These results indicate that the forskolin-induced increase in the intracellular free Ca2+ concentration
mainly depends on the opening of both types of VACC. Moreover, because the mix of blockers acts in
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an additive manner, it could be assumed that Ca2+ flows through both N- and L-channel types present
in the same cell.
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Figure 5. Participation of VACC in the forskolin-induced response. Microfluorometric measurements
were performed in OSNs. Increase in intracellular Ca2+ concentration was induced with forskolin
and the participation of specific types of VACC was evaluated by blocking the second response with
ω-Conotoxin for N-type channels (A); D-600 for L-type channels (B); and a mix of both blockers (C);
The contribution of each channel type was determined considering the amplitude of the first response
as 100% (D). Mean and SE were plotted and data were compared with a one-way ANOVA test and a
post hoc Tukey test. ** p < 0.001.

2.4. Electrophysiological Recording of VACC-Dependent Currents

OSNs or neuronal precursors were selected for recording by the whole-cell patch-clamp technique
replacing Ca2+ with Ba2+ as the inward charge and with a holding potential of ´70 mV. In the group
of OSN (n = 15), depolarizing steps evoked sustained currents by Ba2+ entry (Figure 6A). In contrast,
when the same protocol of steps was applied to precursor cells (n = 30), no Ba2+ currents were evoked
(Figure 6B). To confirm that the evoked current was dependent on Ba2+ entry, OSNs or precursors were
perfused with a solution containing 15 mM of Ba2+ instead of the 5 mM used previously. This change
in Ba2+ concentration induced an increase in the inward current evoked by voltage steps in OSN but
not in precursors, as expected (Figure 6). Additionally, perfusion of cells with a solution that contained
5 mM Ba2+ and 100 µM Cd2+ blocked the Ba2+ entry in OSNs (Figure 7). These experiments showed
that depolarizing steps evoked a Ba2+ inward current through VACC in OSN. However, this response
was not evoked in precursor cells.
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Figure 6. VACC-dependent currents evoked by depolarization steps in neuronal cells obtained from
the human olfactory epithelium. Cells in passage 20 were cultured for three days and VACC-dependent
currents measured by the whole-cell patch-clamp technique, employing Ba2+ to replace Ca2+ as the
inward charge, and with a holding potential of ´70 mV. (A) representative example of the effect of 5 mM
Ba2+ perfusion in neuronal precursors (NPs) or in OSNs; in OSNs, sustained inward currents were
evoked with depolarizing steps ranging from ´60 to +50 mV; (B) representative recording perfusing
15 mM of Ba2+ in NPs or in OSNs. In NPs, no changes in current were elicited with the same protocol
of steps with 5 or 15 mM of Ba2+.
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corroborate that currents in OSN were dependent on Ba2+ entry through VACC, the barium 
concentration ([Ba2+]) in the extracellular solution was increased. Additionally, Cd2+ was perfused to 
block VACC. In the upper graph, representative recordings obtained at the 0-mV step are shown. Mean 
and SE were plotted and data were compared with a one-way ANOVA and a Tukey test. ** p < 0.001. 

Figure 7. Barium current through VACC evoked by voltage steps in olfactory sensory neurons.
To corroborate that currents in OSN were dependent on Ba2+ entry through VACC, the barium
concentration ([Ba2+]) in the extracellular solution was increased. Additionally, Cd2+ was perfused to
block VACC. In the upper graph, representative recordings obtained at the 0-mV step are shown. Mean
and SE were plotted and data were compared with a one-way ANOVA and a Tukey test. ** p < 0.001.
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The contribution of each VACC type was studied by perfusing OSN with specific blockers. With
perfusion of ω-Conotoxin (n = 5), the amplitude of the Ba2+ current was reduced by 25%, and with
Nifedipine (L-type channel blocker), a reduction of 66% was observed (n = 5) (Figure 8). Simultaneous
perfusion of cells (n = 5) with both channel blockers resulted in a reduction of 88% in total Ba2+

current (Figure 8). These results together with those obtained by microfluorometry, suggest that
both types of functional Ca2+ channels are present in the same OSN, and that both N- and L-type
currents are predominant in total Ba2+ current evoked by depolarization steps. The reversal potential
and the voltage at which the half of maximal current appeared were calculated by extrapolation.
Comparison of the reversal potential showed no statistical differences between experimental groups
(Control = 46.7 ˘ 1.2 mV, Conotoxin = 48.2 ˘ 0.9 mV, Nifedipine = 47.6 ˘ 1.7 mV or Conotoxin +
Nifedipine = 47 ˘ 1.5 mV; ANOVA, p = 0.87). In a similar fashion, there were no differences in the
potential at which the half of the maximal current was reached (Control = ´38.1 ˘ 1.4 mV, Conotoxin
= ´37.4 ˘ 2.1 mV, Nifedipine = ´36.2 ˘ 1.5 mV, Conotoxin + Nifedipine = ´36.5 ˘ 1.7 mV; ANOVA,
p = 0.8). Data suggests that channel blockers act specifically upon the L- and N-type channels and that
in these conditions of recording no other cationic current was involved.
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response observed in precursor cells was low and independent of VACC opening. 

Figure 8. Contribution of N- and L-type channels to Ba2+ current evoked by depolarization steps.
Electrophysiological recording by patch-clamp was performed in OSNs. Ba2+ current was blocked
with eitherω-Conotoxin to study the N-type current or with Nifedipine to block the L-type current.
In addition, perfusion with the mix of both blockers was assessed. In (A), a current-voltage (IV) graph
is depicted. Reversal potential and input resistance were similar in all pharmacologic conditions.
Current density between groups was analyzed with a one- way ANOVA followed by Dunnett’s
multiple comparison tests (* p < 0.05 and ** p < 0.01 when compared with control group); (B) shows a
comparison of the remnant current after blocking procedure. Mean and SE were plotted and data were
compared with a one-way ANOVA test and a Tukey test. ** p < 0.001.

3. Discussion

In this work, we found that both L- and N-type VACC presence and functioning is dependent on
the developmental stage of neuronal cells obtained from the human olfactory epithelium. Pore-forming
α subunits from both L- and N-type channels were co-detected in OMP(+) cells (OSN) but not in
precursors. Regarding VACC functioning, OSN respond to forskolin with a high entry of Ca2+ and
depolarization steps evoked a specific Ba2+ inward current, whereas the forskolin-induced response
observed in precursor cells was low and independent of VACC opening.
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Specificity of the antibodies used in this study was corroborated by Western blot analysis of
proteins separated by SDS-PAGE and molecular weight determination of the recognized bands.
Our results showed a single ~18 kDa band when membranes were incubated with the anti-OMP
antibody. As well, the anti-L-type VACC antibody recognized a single ~240 kDa band, while the
anti-N-type VACC antibody detected a main ~260 kDa band. Evidence reported previously
indicates that specific antibodies against these VACC recognized single bands of similar molecular
weights [23–27]. In addition, when increasing amounts of total protein were loaded in the gels,
the optical density of the bands showed a linear increase. Moreover, abundant expression of VACCs
has been reported to occur in the rodent hippocampus, while decreased levels of these channels were
described by electrophysiological recording in neuroblastoma cells [28,29]. Results found in our study
concur with these findings since strong signal bands were detected in extracts of rodent hippocampus.
Meanwhile, thinner bands were observed in extracts of neuroblastoma cells. Besides, specificity of
the secondary antibody was determined omitting the incubation with the primary antibody. Together,
data indicate that primary and secondary antibodies used in this study are specific.

Several reports have established that isolated OSN are bipolar cells that exhibit characteristic
morphological features, such as a round or ellipsoidal soma from which a dendrite with a knob
at its end is projected. In contrast, precursor cells are flat and without clear projections [7,30–32].
Moreover, protein markers have been used to distinguish these cellular stages in culture: the protein
OMP to detect OSN [33,34] and the protein nestin to recognize precursors [35,36]. In this study,
we immunodetected the pore-forming α subunits of L-type channels simultaneously with the OMP,
and both types of channels (L and N) were also co-localized in OSN. In addition, we demonstrated that
the culture obtained by cloning assay was enriched with precursor cells since they were labeled with
the anti-nestin antibody. Moreover, in our hands, some cells spontaneously differentiated into OSN as
has been observed in other reports by anti-OMP antibody staining [31,37,38]. These results indicate that
expression of VACC is a mechanism that might be acquired by OSNs along their developmental process.

To study the functioning of the VACC in OSN, the influx of Ca2+ was analyzed by
microfluorometry and electrophysiological recording. These cells were stimulated with forskolin
to increase cAMP levels and to induce VACC opening. The forskolin-induced increase in intracellular
Ca2+ concentration was five-fold higher in OSN than in precursor cells, in which a minimal change
in intracellular Ca2+ was detected. To confirm this result, the patch-clamp technique was utilized
to discard the possible involvement of VACC in the precursors’ response. No Ba2+ current could be
recorded in precursors by depolarization steps, which strongly suggests the lack of functional VACC
in these cells in accordance with the immunofluorescence results.

Previous reports have indicated that functional voltage-activated channels are not present in
neuronal precursors isolated from the brain, bones or adipose tissue [39–43]. These channels, which are
Ca2+- or Na+-permeable, allow for mature neurons to generate the neural coding [44]. The expression
of voltage-activated channels in culture starts in the presence of trophic factors that induce the
differentiation of precursors into specialized neurons, suggesting that voltage-activated channels and
mechanisms of excitability could be acquired by neurons along their developmental process [15,16].
The results obtained in this work are in agreement with this hypothesis.

We previously described that in primary cultures obtained from the olfactory neuroepithelium
of patients with schizophrenia, the L-type VACC-dependent current was 50% lower than in cultures
derived from healthy subjects [30], suggesting functional alterations of VACC in neurons from
neuropsychiatric patients. SZ has been associated to neurodevelopmental alterations, thus, as a
first step to address the study of a possible association between VACC functional expression and
neurodevelopment, in this study we characterized these channels in cloned cells obtained from a
healthy subject. This strategy allowed us to have a genetically homogeneous population of neuronal
precursors that produce more robust responses. In this regard, our culture was derived from a
single, mitotically-active precursor cell obtained by a standard cloning procedure [22]. The lack of
exogenous trophic-factor incubation implies that recorded OSN had spontaneously matured under
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our culture conditions. This is in accordance with Hahn and co-workers [45], who observed that
in the culture of olfactory epithelium-derived precursors, some OMP(+) cells were co-stained with
an antibody against BrdU, a DNA-replication label, indicating that proliferation was followed by
spontaneous differentiation into mature OSN. Taken together, our results indicate that recorded OSN
matured spontaneously under culture and additionally, that functional VACC were acquired along the
specialization process that occurs under our conditions.

VACC in OSN are involved in the propagation of sensory receptor potentials in response to
activation of the olfactory transduction pathway [7]. In this regard, odorants induce activation
of adenylate cyclase and consequently raise the cAMP concentration. The binding of cAMP to
nucleotide-operated Ca2+ channels [46] leads to an increase of intracellular free Ca2+ that, in turn,
induces the opening of Ca2+-gated Cl´ channels [47]. The outward Cl´ current depolarizes the
transmembrane potential of the OSN and this reduction in polarity leads to the opening of VACC, which
amplify sensory receptor potentials to propagate across the dendrite and the soma of the cell [32,48].
In this work, OSN were perfused with forskolin, a specific adenylate cyclase stimulator. A plausible
explanation of our results is that the forskolin-induced increase in intracellular free Ca2+ was achieved
by the activation of the olfactory transduction pathway, which resulted in downstream opening of
VACC, as has been observed elsewhere in OSN obtained from other mammals [49,50]. On the other
hand, the subtle forskolin-induced response observed in precursor cells could be related with the
opening of nucleotide-operated Ca2+ channels or with another transiently expressed mechanism;
however, further research is required to elucidate this hypothesis. In this regard, in patients with SZ
there is a decreased perception of odorants which suggests an impairment of this signaling transduction
pathway [6]. Our results support the usefulness of olfactory neuroepithelial-derived clonal cultures to
evaluate VACC functioning. Future studies would address the in-depth biochemical and functional
analysis of these channels and other elements of the odorant signaling pathway in neuropsychiatric
patients’ samples.

Likewise, data obtained in this work is in agreement with the hypothesis that acquisition of
excitability during the differentiation process of the sensory neurons from the olfactory epithelium
is similar to the process occurring in neurons from the CNS, in which differential expression of
channels and progressive acquisition of functionality have been observed [15,16]. The embryonic
origin of OSN is similar to that of CNS neurons [51]; therefore, cultures of precursor cells obtained
from the human olfactory neuroepithelium could be proposed as a suitable model to study the
role of VACC in the neurodevelopment process. There is evidence of VACC participation in the
development of specialized neuronal functions such as synaptogenesis or neurotransmitter synthesis
and release [52,53]. Actually, the culture of olfactory neuronal precursors has allowed characterizing
alterations in microtubule cytoskeletal arrangement in samples from neuropsychiatric patients [54].
Thus, this culture is useful to study alterations in the differentiation process at the cellular or subcellular
level in neuropsychiatric disorders.

In conclusion, our data support the hypothesis that the mechanism for generating the sensory
receptor potentials by which the encoding in OSN could be achieved, is a feature acquired by newborn
neuronal cells during their specialization process. Further studies could consider VACC as markers
of acquired excitability, in addition to the OMP, which has been extensively accepted as a structural
marker of the mature OSN stage.

4. Materials and Methods

4.1. Enriched Culture of Human Olfactory Precursor Cells

Written consent was obtained from the donor which was a female subject with no antecedents of
neuropsychiatric diseases. The protocol was approved by the Institutional Ethical Committee and the
study was conducted in compliance with the Declaration of Helsinki for Medical Research Involving
Human Subjects. Olfactory neuroepithelial cells were obtained by exfoliation of the nasal cavity with a
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special brush following the protocol described in detail by Benítez-King et al. [8]. Briefly, cells adhered
to brush bristles after exfoliation were immersed in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) culture medium supplemented with 10% Fetal Bovine Serum (FBS), 2 mM
of L-Glutamine, and 1% of Streptomycin-Penicillin; these were then mechanically dissociated, passing
the fragments several times through pipette tips of different diameters and seeded in a multi-well
chamber. Adherent cells were cultured at 37 ˝C with 5% CO2 and aliquots cryopreserved in liquid
nitrogen after each passage.

Cells from a confluent culture in passage 3 were detached enzymatically with a 0.25%
trypsin-EDTA solution dissolved in PBS (in mM): 137 NaCl, 2.7 KCl, 10 Na2HPO4 and 2 KH2PO4,
pH 7.3, and the number of cells was determined with a hemocytometer. Cells were diluted with a
supplemented medium in order to seed only one cell per well following the protocol for establishing a
cloning culture of precursor cells [22].

Wells with a single attached cell were selected and the culture medium was changed every three
days. After cellular density increased by proliferation of the initial cell, detachment protocol with
trypsin was used to reseed and propagate the cells in culture bottles. Although the culture derived
from the initial mitotically active cell was passed over 60 times, we utilized the cultures in passage
20 or 21 to conduct the experiments as described later.

4.2. Antibody Characterization by Western Blot

Characterization of antibodies was performed following the experimental design described
by Yunker et al. [55]. Extracts of rat olfactory epithelium (OE), as well as homogenates of mouse
hippocampus, cloned human neuronal precursors and N1E-115 cells were prepared as described [30].
Briefly, after rodent sacrifice the OE and hippocampus were quickly dissected and placed on ice-cold
lysis buffer (RIPA). Cloned neuronal precursors and N1E-115 cells were cultured in DMEM/F12
supplemented medium and scrapped out in the same lysis buffer. Tissues and cells were homogenized
at 4 ˝C for 30 s at 40 Hz with an ultrasonicator. Total protein content was determined by the
Lowry´s method [56]. OE homogenates (10 µg) were loaded into 14% polyacrylamide gels and
separated by electrophoresis according to Laemmli’s method [57]. Proteins were transferred to
nitrocellulose membranes following the Towbin’s procedure [58]. For OMP detection, membranes were
incubated overnight with 1:1000 anti-OMP antibody (Abcam ab62144, Cambridge, MA, USA) at 4 ˝C.
Incubation with peroxidase-conjugated secondary antibody was performed and revealed by Enhanced
Chemiluminiscence (ECL) [59]. Similarly, increasing quantities of total protein of hippocampus
homogenates were separated in 6% polyacrylamide gels as described previously. In addition, equal
amounts of protein (20 µg) from hippocampus, cloned neuronal precursors or neuroblastoma extracts
were separated and transferred to nitrocellulose membranes. VACC channel proteins were identified
by overnight incubation with 1:1000 anti-CACNA1C (L-type) or 1:1000 anti-CACNA1B (N-type)
antibodies from Abcam (ab84814 and ab81012, respectively). Incubation with biotin-conjugated
secondary antibodies and streptavidin-peroxidase was performed and revealed by ECL. Fluorogram
images were acquired with a GS-800 densitometer from Bio-Rad (Hercules, CA, USA) and optical
density (OD) determined with the QuantityOne® software, BioRad. Bovine serum albumin (BSA) was
used as external load control for the comparison of the intensity of detection of VACC proteins in the
different homogenates; 3 µg of this protein was added per 10 µg of either homogenate. In the case of
the gels in which the external control was loaded, proteins were stained with Coomassie brilliant blue
G-250 (BioRad).

4.3. Detection of Cellular Stage and VACC by Immunofluorescence

Cells were fixed with 4% paraformaldehyde diluted in PBS and permeabilized with a
solution of 0.1% Tween-20/PBS; non-specific sites were blocked with a solution of 3% BSA/PBS.
All primary antibodies were incubated overnight at 4 ˝C: an anti-nestin mouse monoclonal antibody
(1:200, Millipore, Temecula, CA, USA) to stain neural progenitors [35,36], an anti-OMP rabbit
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polyclonal antibody (1:100, Abcam) to detect OSN [32,33], and anti-α subunits of L-type channel
(mouse monoclonal) and N-type channel (rabbit polyclonal) antibodies (20 µg/mL and 1:600,
respectively, Abcam) were used. Fluorochrome-conjugated secondary antibodies (Fluorescein
IsoThioCyanate (FITC) or TetramethylRhodamineIsoThioCyanate (TRITC)) were incubated for 2 h at
room temperature. Nuclei were stained with 20 nM 41,61-DiAmidino-2-PhenylIndole dihydrochloride
(DAPI) for 5 min. Coverslips were mounted with PVA-DABCO® (SIGMA-ALDRICH, St. Louis, MO,
USA) mounting media and preparations were observed with an epifluorescence Nikon Eclipse TE-2000
microscope (Tokyo, Japan); images were acquired with a Nikon DS-2MV Digital Sight camera and
processed with Nikon NIS-Elements™ software. Percentage of positive stained cells was determined by
counting the number of cells stained with each antibody, and the total number of cells was inferred with
the DAPI-stained nuclei in 10 random-selected fields by triplicate. For negative controls, the incubation
of cells with the primary antibodies was omitted.

To determine co-expression of OMP protein and L-type channels or N- and L-type channel
proteins, the simultaneous double-staining protocol was utilized, following the previously described
procedure to fix, permeabilize and block non-specific sites. Nuclei were also detected with DAPI and
cells were observed with the epifluorescence microscope. Transformed results with the arcsin function
were compared by a non-parametric ANOVA test followed by a Student-Newman-Keuls method.

4.4. Detection of Intracellular Ca2+ by Microfluorometry

Olfactory epithelial cells in passage 20 were plated at a density of 12,000 cells/cm2 in round,
12 mm-diameter coverslips previously coated with a solution containing rat collagen and were cultured
during three or four days with supplemented DMEM/F12 medium. Cells were loaded with 2.5 µM
Fura 2-AM in low Ca2+ (0.1 mM) and, after a 1 h incubation at 37 ˝C and 5% CO2, they were transferred
into a heated perfusion chamber mounted on an inverted Nikon Diaphot 200 microscope (Tokyo, Japan).
Cells adhered to the coverslip were continuously perfused at a rate of 2–2.5 mL/min with Krebs
solution at 37 ˝C (in mM): 118 NaCl, 25 NaHCO3, 4.6 KCl, 1.2 KH2PO4, 1.2 MgSO4, 11 glucose,
and 2 CaCl2, which was bubbled continuously with carbogen to maintain a pH value of 7.4. Cells
loaded with Fura 2-AM were subjected to alternating pulses of 340- and 380-nm excitation light,
and emitted fluorescence was detected at 510 nm using a model D-104 microphotometer from Photon
Technology International (PTI, Princeton, NJ, USA). Fluorescence was measured at a rate of 0.5 s,
and intracellular Ca2+ concentration ([Ca2+]i) was calculated according to the Grynkiewicz formula [60].
The Kd of Fura 2-AM was assumed to be 386 nM [61]. The mean 340- to 380-nm fluorescence ratios
for Rmax and Rmin were obtained by exposing the cells to 10 mM Ca2+ in the presence of 10 µM
ionomycin and in Ca2+-free Krebs with 10 mM EGTA, respectively. Rmax was 6.06 and Rmin 0.39.
The fluorescence ratio at 380-nm light excitation in Ca2+-free medium and Ca2+-saturated cells (β) was
4.23. Recordings were stored in a microcomputer and analyzed using data acquisition and analysis
software (Felix version 1.21; PTI) [62].

For Ca2+-response evaluation, OSN or precursor cells were perfused with 100 µM forskolin
to stimulate the synthesis of cyclic Adenosine MonoPhosphate (cAMP) and the opening of VACC.
To determine the involvement of VACC in the forskolin-induced response, two blockers of specific
VACC were used: 10 µM ω-Conotoxin GVIA for N-type channels, and 30 µM methoxyverapamil
(also called D-600) for L-type channels. In these experiments, D-600 was used instead of Nifedipine
because the latter causes interference with fluorescence measurements [63]. Blockers were incubated
separately or in a mix to determine both the contribution of each channel-type to total response and to
determine whether both channel types (L and N) could be evoked in the same cell.

Maximal amplitude of intracellular Ca2+ was measured from OSN (n = 5) and precursor cells (n = 5)
and compared employing a paired Student t-test. To determine the percentage of contribution of both
channel types, the amplitude of the first response was considered as 100%. Data in percentage were
transformed with the arcsin function and compared with a one-way Analysis of Variance (ANOVA)
test and a post hoc Tukey test.



Int. J. Mol. Sci. 2016, 17, 941 14 of 18

4.5. Electrophysiological Recording of VACC

Cells in passage 20 were plated as described previously to detect intracellular Ca2+ and
were cultured for three or four days with supplemented DMEM/F12 medium. To perform
electrophysiological recording, cells were selected under the microscope considering the same
morphological features mentioned previously. VACC were recorded by the whole-cell patch-clamp
technique [64]. Briefly, cells adhered to the coverslips were submerged in a perfusion chamber
(1.5–2.0 mL/min) and bathed with an extracellular solution employing Ba2+ to replace Ca2+ as the
inward charge; this solution contained the following (in mM): 136 NaCl; 6 CsCl; 5 BaCl2; 10 HEPES;
11 D-glucose, and 10.1 niflumic acid; pH was adjusted to 7.4 with CsOH. Pipette-microelectrodes
(4–6 MΩ) were utilized for recording and all experiments were performed at room temperature.
Voltage clamp and voltage pulse generation were controlled with an amplifier (Axopatch 200A,
Axon Instruments, Sunnyvale, CA, USA), and the electrical signals were filtered at 1–5 kHz and
digitized (Digidata 1200; Axon Instruments) at a frequency of 10 kHz. Currents were analyzed with
pClamp™ software (version 9.0, Axon Instruments).

The microelectrodes were filled with an intracellular solution that contained the following (in mM):
130 CsCl; 5 MgCl2; 10 HEPES; 10 EGTA; 3 ATP-disodium salt, and 1 GTP-sodium salt; pH was adjusted
to 7.3 with CsOH. Filled microelectrodes were moved by means of a micromanipulator and a change in
pressure was induced by suction. To evoke VACC, a series of depolarizing steps was applied to the cells
immediately after the formation of gigaseals. Steps ranged from ´60 to +50 mV in 10 mV-increments
from a holding potential of ´70 mV, during 500 ms, at 1 Hz.

To determine the contribution of L- and N-type channels to the total current evoked, specific
blockers were used as follows: 10 µMω-Conotoxin GVIA to analyze the N-type current, and 10 µM
Nifedipine for L-type current. In these experiments, the blockers were incubated separately or in a mix.
Cell capacitance was measured throughout all of the experiments. Current amplitude was quantified
at 400 ms when the barium current (IBa2+) reached a steady state. To compare the contribution of
both types of channels, currents were measured prior and after the perfusion of blockers, and a
current-voltage (IV) relationship was plotted. In addition, percentage of the currents was analyzed
considering 100% as the current obtained at the 0-mV depolarization step prior to perfusion of the
blocker or the mix. Transformed data were compared with an ANOVA test followed by a post hoc
Tukey test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/6/
941/s1.

Acknowledgments: This work was supported by the Consejo Nacional de Ciencia y Tecnología (SEP/CONACyT
Grant No. 178075, FOSISS/CONACyT Grant No. 86863 and CONACyT Grant No. 219859).

Author Contributions: Gloria Benítez-King designed research, analyzed the data and wrote the paper.
Héctor Solís-Chagoyán, Edgar Flores-Soto, Jorge Reyes-García and Marcela Valdés-Tovar performed research,
analyzed the data and contributed to writing the paper as well as figure elaboration and editing. Eduardo Calixto
and Luis M. Montaño also contributed to design research and analyzed the data. All authors have read and
approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Allen, K.M.; Fung, S.J.; Shannon Weickert, C. Cell proliferation is reduced in the hippocampus in
schizophrenia. Aust. N. Z. J. Psychiatry 2015. [CrossRef] [PubMed]

2. Reif, A.; Fritzen, S.; Finger, M.; Strobel, A.; Lauer, M.; Schmitt, A.; Lesch, K.P. Neural stem cell proliferation is
decreased in schizophrenia, but not in depression. Mol. Psychiatry 2006, 11, 514–522. [CrossRef] [PubMed]

3. Hagihara, H.; Takao, K.; Walton, N.M.; Matsumoto, M.; Miyakawa, T. Immature dentate gyrus:
An endophenotype of neuropsychiatric disorders. Neural Plast. 2013, 2013, 318596. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/17/6/941/s1.
http://www.mdpi.com/1422-0067/17/6/941/s1.
http://dx.doi.org/10.1177/0004867415589793
http://www.ncbi.nlm.nih.gov/pubmed/26113745
http://dx.doi.org/10.1038/sj.mp.4001791
http://www.ncbi.nlm.nih.gov/pubmed/16415915
http://dx.doi.org/10.1155/2013/318596
http://www.ncbi.nlm.nih.gov/pubmed/23840971


Int. J. Mol. Sci. 2016, 17, 941 15 of 18

4. Walton, N.M.; Zhou, Y.; Kogan, J.H.; Shin, R.; Webster, M.; Gross, A.K.; Heusner, C.L.; Chen, Q.; Miyake, S.;
Tajinda, K.; et al. Detection of an immature dentate gyrus feature in human schizophrenia/bipolar patients.
Transl. Psychiatry 2012, 2. [CrossRef] [PubMed]

5. Arnold, S.E.; Han, L.Y.; Moberg, P.J.; Turetsky, B.I.; Gur, R.E.; Trojanowski, J.Q.; Hahn, C.G. Dysregulation
of olfactory receptor neuron lineage in schizophrenia. Arch. Gen. Psychiatry 2001, 58, 829–835. [CrossRef]
[PubMed]

6. Moberg, P.J.; Arnold, S.E.; Doty, R.L.; Gur, R.E.; Balderston, C.C.; Roalf, D.R.; Gur, R.C.; Kohler, C.G.;
Kanes, S.J.; Siegel, S.J.; et al. Olfactory functioning in schizophrenia: Relationship to clinical,
neuropsychological and volumetric MRI measures. J. Clin. Exp. Neuropsychol. 2006, 28, 1444–1461. [CrossRef]
[PubMed]

7. Schild, D.; Restrepo, D. Transduction mechanisms in vertebrate olfactory receptor cells. Physiol. Rev. 1998,
78, 429–466. [PubMed]

8. Benítez-King, G.; Riquelme, A.; Ortíz-López, L.; Berlanga, C.; Rodríguez-Verdugo, M.S.; Romo, F.; Calixto, E.;
Solís-Chagoyán, H.; Jímenez, M.; Montaño, L.M.; et al. A non-invasive method to isolate the neuronal linage
from the nasal epithelium from schizophrenic and bipolar diseases. J. Neurosci. Methods 2011, 201, 35–45.
[CrossRef] [PubMed]

9. Curtis, M.A.; Low, V.F.; Faull, R.L. Neurogenesis and progenitor cells in the adult human brain: A comparison
between hippocampal and subventricular progenitor proliferation. Dev. Neurobiol. 2012, 72, 990–1005.
[CrossRef] [PubMed]

10. Ming, G.L.; Song, H. Adult neurogenesis in the mammalian brain: Significant answers and significant
questions. Neuron 2011, 70, 687–702. [CrossRef] [PubMed]

11. Gheusi, G.; Lledo, P.M. Adult neurogenesis in the olfactory system shapes odor memory and perception.
Prog. Brain Res. 2014, 208, 157–175. [PubMed]

12. Zhang, X.; Klueber, K.M.; Guo, Z.; Cai, J.; Lu, C.; Winstead, W.I.; Qiu, M.; Roisen, F.J. Induction of neuronal
differentiation of adult human olfactory neuroepithelial-derived progenitors. Brain Res. 2006, 1073–1074,
109–119. [CrossRef] [PubMed]

13. Reynolds, B.A.; Tetzlaff, W.; Weiss, S. A multipotent EGF-responsive striatal embryonic progenitor cell
produces neurons and astrocytes. J. Neurosci. 1992, 12, 4565–4574. [PubMed]

14. Cave, J.W.; Wang, M.; Baker, H. Adult subventricular zone neural stem cells as a potential source of
dopaminergic replacement neurons. Front. Neurosci. 2014, 8. [CrossRef] [PubMed]

15. Lepski, G.; Jannes, C.E.; Nikkhah, G.; Bischofberger, J. cAMP promotes the differentiation of neural progenitor
cells in vitro via modulation of voltage-gated calcium channels. Front. Cell Neurosci. 2013, 7. [CrossRef]
[PubMed]

16. Hogg, R.C.; Chipperfield, H.; Whyte, K.A.; Stafford, M.R.; Hansen, M.A.; Cool, S.M.; Nurcombe, V.;
Adams, D.J. Functional maturation of isolated neural progenitor cells from the adult rat hippocampus.
Eur. J. Neurosci. 2004, 19, 2410–2420. [CrossRef] [PubMed]

17. Bauer, S.; Rasika, S.; Han, J.; Mauduit, C.; Raccurt, M.; Morel, G.; Jourdan, F.; Benahmed, M.; Moyse, E.;
Patterson, P.H. Leukemia inhibitory factor is a key signal for injury-induced neurogenesis in the adult mouse
olfactory epithelium. J. Neurosci. 2003, 23, 1792–1803. [PubMed]

18. Tucker, E.S.; Lehtinen, M.K.; Maynard, T.; Zirlinger, M.; Dulac, C.; Rawson, N.; Pevny, L.; Lamantia, A.S.
Proliferative and transcriptional identity of distinct classes of neural precursors in the mammalian olfactory
epithelium. Development 2010, 137, 2471–2481. [CrossRef] [PubMed]

19. Ohnishi, Y.; Iwatsuki, K.; Ishihara, M.; Shikina, T.; Shinzawa, K.; Moriwaki, T.; Ninomiya, K.; Ohkawa, T.;
Umegaki, M.; Kishima, H.; et al. Isolation of human adult olfactory sphere cells as a cell source of neural
progenitors. Stem Cell Res. 2015, 15, 23–29. [CrossRef] [PubMed]

20. Rawson, N.E.; Ozdener, M.H. Primary culture of the human olfactory neuroepithelium. Methods Mol. Biol.
2013, 945, 81–93. [PubMed]

21. Jafek, B.W.; Murrow, B.; Michaels, R.; Restrepo, D.; Linschoten, M. Biopsies of human olfactory epithelium.
Chem. Sens. 2002, 27, 623–628. [CrossRef]

22. Reynolds, B.A.; Weiss, S. Clonal and population analyses demonstrate that an EGF-responsive mammalian
embryonic CNS precursor is a stem cell. Dev. Biol. 1996, 175, 1–13. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/tp.2012.56
http://www.ncbi.nlm.nih.gov/pubmed/22781168
http://dx.doi.org/10.1001/archpsyc.58.9.829
http://www.ncbi.nlm.nih.gov/pubmed/11545665
http://dx.doi.org/10.1080/13803390500434409
http://www.ncbi.nlm.nih.gov/pubmed/17050269
http://www.ncbi.nlm.nih.gov/pubmed/9562035
http://dx.doi.org/10.1016/j.jneumeth.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21787803
http://dx.doi.org/10.1002/dneu.22028
http://www.ncbi.nlm.nih.gov/pubmed/22539366
http://dx.doi.org/10.1016/j.neuron.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21609825
http://www.ncbi.nlm.nih.gov/pubmed/24767482
http://dx.doi.org/10.1016/j.brainres.2005.12.059
http://www.ncbi.nlm.nih.gov/pubmed/16455065
http://www.ncbi.nlm.nih.gov/pubmed/1432110
http://dx.doi.org/10.3389/fnins.2014.00016
http://www.ncbi.nlm.nih.gov/pubmed/24574954
http://dx.doi.org/10.3389/fncel.2013.00155
http://www.ncbi.nlm.nih.gov/pubmed/24065885
http://dx.doi.org/10.1111/j.0953-816X.2004.03346.x
http://www.ncbi.nlm.nih.gov/pubmed/15128395
http://www.ncbi.nlm.nih.gov/pubmed/12629183
http://dx.doi.org/10.1242/dev.049718
http://www.ncbi.nlm.nih.gov/pubmed/20573694
http://dx.doi.org/10.1016/j.scr.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25965912
http://www.ncbi.nlm.nih.gov/pubmed/23097102
http://dx.doi.org/10.1093/chemse/27.7.623
http://dx.doi.org/10.1006/dbio.1996.0090
http://www.ncbi.nlm.nih.gov/pubmed/8608856


Int. J. Mol. Sci. 2016, 17, 941 16 of 18

23. Marangoudakis, S.; Andrade, A.; Helton, T.D.; Denome, S.; Castiglioni, A.J.; Lipscombe, D. Differential
ubiquitination and proteasome regulation of CaV2.2 N-type channel splice isoforms. J. Neurosci. 2012,
32, 10365–10369. [CrossRef] [PubMed]

24. Mishima, K.; Maeshima, A.; Miya, M.; Sakurai, N.; Ikeuchi, H.; Hiromura, K.; Nojima, Y. Involvement
of N-type Ca2+ channels in the fibrotic process of the kidney in rats. Am. J. Physiol. Ren. Physiol. 2013,
304, F665–F673. [CrossRef] [PubMed]

25. Liao, P.; Yu, D.; Hu, Z.; Liang, M.C.; Wang, J.J.; Yu, C.Y.; Ng, G.; Yong, T.F.; Soon, J.L.; Chua, Y.L.; et al.
Alternative splicing generates a novel truncated CaV1.2 channel in neonatal rat heart. J. Biol. Chem. 2015,
290, 9262–9272. [CrossRef] [PubMed]

26. N'Gouemo, P.; Akinfiresoye, L.R.; Allard, J.S.; Lovinger, D.M. Alcohol withdrawal-induced seizure
susceptibility is associated with an upregulation of CaV1.3 channels in the rat inferior colliculus.
Int. J. Neuropsychopharmacol. 2015, 18. [CrossRef] [PubMed]

27. Rougier, J.S.; Albesa, M.; Abriel, H.; Viard, P. Neuronal precursor cell-expressed developmentally
down-regulated 4-1 (NEDD4-1) controls the sorting of newly synthesized CaV1.2 calcium channels.
J. Biol. Chem. 2011, 286, 8829–8838. [CrossRef] [PubMed]

28. Vijverberg, H.P.; Oortgiesen, M.; Leinders, T.; van Kleef, R.G. Metal interactions with voltage- and
receptor-activated ion channels. Environ. Health Perspect. 1994, 102 (Suppl. S3), 153–158. [CrossRef]
[PubMed]

29. Herman, M.D.; Reuveny, E.; Narahashi, T. The effect of polyamines on voltage-activated calcium channels in
mouse neuroblastoma cells. J. Physiol. 1993, 462, 645–660. [CrossRef] [PubMed]

30. Solís-Chagoyán, H.; Calixto, E.; Figueroa, A.; Montaño, L.M.; Berlanga, C.; Rodríguez-Verdugo, M.S.;
Romo, F.; Jiménez, M.; Gurrola, C.Z.; Riquelme, A.; et al. Microtubule organization and L-type
voltage-activated calcium current in olfactory neuronal cells obtained from patients with schizophrenia and
bipolar disorder. Schizophr. Res. 2013, 143, 384–389. [CrossRef] [PubMed]

31. Rawson, N.E.; Gomez, G. Cell and molecular biology of human olfaction. Microsc. Res. Technol. 2002,
58, 142–151. [CrossRef] [PubMed]

32. Gómez, G.; Rawson, N.E.; Hahn, C.G.; Michaels, R.; Restrepo, D. Characteristics of odorant elicited calcium
changes in cultured human olfactory neurons. J. Neurosci. Res. 2000, 62, 737–749. [CrossRef]

33. Keller, A.; Margolis, F.L. Isolation and characterization of rat olfactory marker protein. J. Biol. Chem. 1976,
251, 6232–6237. [PubMed]

34. Hartman, B.K.; Margolis, F.L. Immunofluorescence localization of the olfactory marker protein. Brain Res.
1975, 96, 176–180. [CrossRef]

35. Tohyama, T.; Lee, V.M.; Rorke, L.B.; Marvin, M.; McKay, R.D.; Trojanowski, J.Q. Nestin expression in
embryonic human neuroepithelium and in human neuroepithelial tumor cells. Lab. Investig. 1992, 66, 303–313.
[PubMed]

36. Lendahl, U.; Zimmerman, L.B.; McKay, R.D. CNS stem cells express a new class of intermediate filament
protein. Cell 1990, 60, 585–595. [CrossRef]

37. Féron, F.; Perry, C.; Girard, S.D.; Mackay-Sim, A. Isolation of adult stem cells from the human olfactory
mucosa. Methods Mol. Biol. 2013, 1059, 107–114. [PubMed]

38. Othman, M.; Lu, C.; Klueber, K.; Winstead, W.; Roisen, F. Clonal analysis of adult human olfactory
neurosphere forming cells. Biotechnol. Histochem. 2005, 80, 189–200. [CrossRef] [PubMed]

39. Jang, S.; Park, J.S.; Jeong, H.S. Neural differentiation of human adipose tissue-derived stem cells involves
activation of the Wnt5a/JNK signalling. Stem Cells Int. 2015, 2015. [CrossRef] [PubMed]

40. Mahajan, M.M.; Cheng, B.; Beyer, A.I.; Mulvaney, U.S.; Wilkinson, M.B.; Fomin, M.E.; Muench, M.O.
A quantitative assessment of the content of hematopoietic stem cells in mouse and human endosteal-bone
marrow: A simple and rapid method for the isolation of mouse central bone marrow. BMC Hematol. 2015, 15.
[CrossRef] [PubMed]

41. Prè, D.; Nestor, M.W.; Sproul, A.A.; Jacob, S.; Koppensteiner, P.; Chinchalongporn, V.; Zimmer, M.;
Yamamoto, A.; Noggle, S.A.; Arancio, O. A time course analysis of the electrophysiological properties
of neurons differentiated from human induced pluripotent stem cells (iPSCs). PLoS ONE 2014, 9, e103418.
[CrossRef] [PubMed]

42. Yamashita, M. From neuroepithelial cells to neurons: Changes in the physiological properties of
neuroepithelial stem cells. Arch. Biochem. Biophys. 2013, 534, 64–70. [CrossRef] [PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.0851-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22836269
http://dx.doi.org/10.1152/ajprenal.00561.2012
http://www.ncbi.nlm.nih.gov/pubmed/23324177
http://dx.doi.org/10.1074/jbc.M114.594911
http://www.ncbi.nlm.nih.gov/pubmed/25694430
http://dx.doi.org/10.1093/ijnp/pyu123
http://www.ncbi.nlm.nih.gov/pubmed/25556199
http://dx.doi.org/10.1074/jbc.M110.166520
http://www.ncbi.nlm.nih.gov/pubmed/21220429
http://dx.doi.org/10.1289/ehp.94102s3153
http://www.ncbi.nlm.nih.gov/pubmed/7531139
http://dx.doi.org/10.1113/jphysiol.1993.sp019574
http://www.ncbi.nlm.nih.gov/pubmed/8392576
http://dx.doi.org/10.1016/j.schres.2012.11.035
http://www.ncbi.nlm.nih.gov/pubmed/23290267
http://dx.doi.org/10.1002/jemt.10132
http://www.ncbi.nlm.nih.gov/pubmed/12203692
http://dx.doi.org/10.1002/1097-4547(20001201)62:5&lt;737::AID-JNR14&gt;3.0.CO;2-A
http://www.ncbi.nlm.nih.gov/pubmed/977567
http://dx.doi.org/10.1016/0006-8993(75)90593-4
http://www.ncbi.nlm.nih.gov/pubmed/1538585
http://dx.doi.org/10.1016/0092-8674(90)90662-X
http://www.ncbi.nlm.nih.gov/pubmed/23934838
http://dx.doi.org/10.1080/10520290500469777
http://www.ncbi.nlm.nih.gov/pubmed/16720519
http://dx.doi.org/10.1155/2015/178618
http://www.ncbi.nlm.nih.gov/pubmed/26106419
http://dx.doi.org/10.1186/s12878-015-0031-7
http://www.ncbi.nlm.nih.gov/pubmed/26161262
http://dx.doi.org/10.1371/journal.pone.0103418
http://www.ncbi.nlm.nih.gov/pubmed/25072157
http://dx.doi.org/10.1016/j.abb.2012.07.016
http://www.ncbi.nlm.nih.gov/pubmed/22892549


Int. J. Mol. Sci. 2016, 17, 941 17 of 18

43. Sun, W.; Buzanska, L.; Domanska-Janik, K.; Salvi, R.J.; Stachowiak, M.K. Voltage-sensitive and ligand-gated
channels in differentiating neural stem-like cells derived from the nonhematopoietic fraction of human
umbilical cord blood. Stem Cells 2005, 23, 931–945. [CrossRef] [PubMed]

44. Goldsberry, M.E.; Kim, J.; Freeman, J.H. Developmental changes in hippocampal associative coding.
J. Neurosci. 2015, 35, 4238–4247. [CrossRef] [PubMed]

45. Hahn, C.G.; Han, L.Y.; Rawson, N.E.; Mirza, N.; Borgmann-Winter, K.; Lenox, R.H.; Arnold, S.E. In vivo
and in vitro neurogenesis in human olfactory epithelium. J. Comp. Neurol. 2005, 483, 154–163. [CrossRef]
[PubMed]

46. Bonigk, W.; Bradley, J.; Muller, F.; Sesti, F.; Boekhoff, I.; Ronnett, G.V.; Kaupp, U.B.; Frings, S. The native
rat olfactory cyclic nucleotide-gated channel is composed of three distinct subunits. J Neurosci. 1999,
19, 5332–5347. [PubMed]

47. Stephan, A.B.; Shum, E.Y.; Hirsh, S.; Cygnar, K.D.; Reisert, J.; Zhao, H. ANO2 is the cilial calcium-activated
chloride channel that may mediate olfactory amplification. Proc. Natl. Acad. Sci. USA 2009, 106, 11776–11781.
[CrossRef] [PubMed]

48. Shiraiwa, T.; Kashiwayanagi, M.; Iijima, T.; Murakami, M. Involvement of the calcium channel β3 subunit in
olfactory signal transduction. Biochem. Biophys. Res. Commun. 2007, 355, 1019–1024. [CrossRef] [PubMed]

49. Gautam, S.H.; Otsuguro, K.; Ito, S.; Saito, T.; Habara, Y. T-type Ca2+ channels contribute to IBMX/forskolin-
and K+-induced Ca2+ transients in porcine olfactory receptor neurons. Neurosci. Res. 2007, 7, 129–139.
[CrossRef] [PubMed]

50. Otsuguro, K.; Gautam, S.H.; Ito, S.; Habara, Y.; Saito, T. Characterization of forskolin-induced Ca2+ signals in
rat olfactory receptor neurons. J. Pharmacol. Sci. 2005, 97, 510–518. [CrossRef] [PubMed]

51. Katoh, H.; Shibata, S.; Fukuda, K.; Sato, M.; Satoh, E.; Nagoshi, N.; Minematsu, T.; Matsuzaki, Y.; Akazawa, C.;
Toyama, Y.; et al. The dual origin of the peripheral olfactory system: Placode and neural crest. Mol. Brain
2011, 4. [CrossRef] [PubMed]

52. Nickell, M.D.; Breheny, P.; Stromberg, A.J.; McClintock, T.S. Genomics of mature and immature olfactory
sensory neurons. J. Comp. Neurol. 2012, 520, 2608–2629. [CrossRef] [PubMed]

53. D’Ascenzo, M.; Piacentini, R.; Casalbore, P.; Budoni, M.; Pallini, R.; Azzena, G.B.; Grassi, C. Role of L-type
Ca2+ channels in neural stem/progenitor cell differentiation. Eur. J. Neurosci. 2006, 23, 935–944. [CrossRef]
[PubMed]

54. Benítez-King, G.; Valdés-Tovar, M.; Trueta, C.; Galván-Arrieta, T.; Argueta, J.; Alarcón, S.;
Lora-Castellanos, A.; Solís-Chagoyán, H. The microtubular cytoskeleton of olfactory neurons derived
from patients with schizophrenia or with bipolar disorder: Implications for biomarker characterization,
neuronal physiology and pharmacological screening. Mol. Cell. Neurosci. 2016. [CrossRef] [PubMed]

55. Yunker, A.M.; Sharp, A.H.; Sundarraj, S.; Ranganathan, V.; Copeland, T.D.; McEnery, M.W. Immunological
characterization of T-type voltage-dependent calcium channel CaV3.1 (α1G) and CaV3.3 (α1I) isoforms
reveal differences in their localization, expression, and neural development. Neuroscience 2003, 117, 321–335.
[CrossRef]

56. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265–275. [PubMed]

57. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

58. Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: Procedure and some applications. Proc. Natl. Acad. Sci. USA 1979, 76, 4350–4354.
[CrossRef] [PubMed]

59. Op De Beeck, L.; Verlooy, J.E.; van Buul-Offers, S.C.; Du Caju, M.V. Detection of serum insulin-like growth
factor binding proteins on western ligand blots by biotinylated IGF and enhanced chemiluminescence.
J. Endocrinol. 1997, 154, R1–R5. [CrossRef] [PubMed]

60. Grynkiewicz, G.; Poenie, M.; Tsien, R.Y. A new generation of Ca2+ indicators with greatly improved
fluorescence properties. J. Biol. Chem. 1985, 260, 3440–3450. [PubMed]

61. Kajita, J.; Yamaguchi, H. Calcium mobilization by muscarinic cholinergic stimulation in bovine single airway
smooth muscle. Am. J. Physiol. 1993, 264, L496–L503. [PubMed]

http://dx.doi.org/10.1634/stemcells.2004-0316
http://www.ncbi.nlm.nih.gov/pubmed/16043459
http://dx.doi.org/10.1523/JNEUROSCI.3145-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25762670
http://dx.doi.org/10.1002/cne.20424
http://www.ncbi.nlm.nih.gov/pubmed/15678478
http://www.ncbi.nlm.nih.gov/pubmed/10377344
http://dx.doi.org/10.1073/pnas.0903304106
http://www.ncbi.nlm.nih.gov/pubmed/19561302
http://dx.doi.org/10.1016/j.bbrc.2007.02.063
http://www.ncbi.nlm.nih.gov/pubmed/17335778
http://dx.doi.org/10.1016/j.neures.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17074407
http://dx.doi.org/10.1254/jphs.FP0040883
http://www.ncbi.nlm.nih.gov/pubmed/15821339
http://dx.doi.org/10.1186/1756-6606-4-34
http://www.ncbi.nlm.nih.gov/pubmed/21943152
http://dx.doi.org/10.1002/cne.23052
http://www.ncbi.nlm.nih.gov/pubmed/22252456
http://dx.doi.org/10.1111/j.1460-9568.2006.04628.x
http://www.ncbi.nlm.nih.gov/pubmed/16519658
http://dx.doi.org/10.1016/j.mcn.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26837043
http://dx.doi.org/10.1016/S0306-4522(02)00936-3
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1073/pnas.76.9.4350
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://dx.doi.org/10.1677/joe.0.154R001
http://www.ncbi.nlm.nih.gov/pubmed/9291848
http://www.ncbi.nlm.nih.gov/pubmed/3838314
http://www.ncbi.nlm.nih.gov/pubmed/8388648


Int. J. Mol. Sci. 2016, 17, 941 18 of 18

62. Carbajal, V.; Vargas, M.H.; Flores-Soto, E.; Martinez-Cordero, E.; Bazan-Perkins, B.; Montaño, L.M. LTD4
induces hyperresponsiveness to histamine in bovine airway smooth muscle: Role of SR-ATPase Ca2+ pump
and tyrosine kinase. Am. J. Physiol. Lung Cell Mol. Physiol. 2005, 288, 84–92. [CrossRef] [PubMed]

63. Perusquía, M.; Flores-Soto, E.; Sommer, B.; Campuzano-González, E.; Martínez-Banderas, A.I.;
Martínez-Villa, I.; Montaño, L.M. Testosterone-induced relaxation involves L-type and store-operated Ca2+

channels blockade, and PGE 2 in guinea pig airway smooth muscle. Pflügers Arch. 2015, 467, 767–777.
[CrossRef] [PubMed]

64. Hamill, O.P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F.J. Improved patch-clamp techniques for
high-resolution current recording from cells and cell-free membrane patches. Pflügers Arch. 1981, 391, 85–100.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajplung.00446.2003
http://www.ncbi.nlm.nih.gov/pubmed/15377496
http://dx.doi.org/10.1007/s00424-014-1534-y
http://www.ncbi.nlm.nih.gov/pubmed/24872164
http://dx.doi.org/10.1007/BF00656997
http://www.ncbi.nlm.nih.gov/pubmed/6270629
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Antibody Characterization by Western Blot 
	Immunodetection of OSN, Precursor Cells and VACC 
	Forskolin Induced an Increase in the Concentration of Intracellular Ca2+ 
	Electrophysiological Recording of VACC-Dependent Currents 

	Discussion 
	Materials and Methods 
	Enriched Culture of Human Olfactory Precursor Cells 
	Antibody Characterization by Western Blot 
	Detection of Cellular Stage and VACC by Immunofluorescence 
	Detection of Intracellular Ca2+ by Microfluorometry 
	Electrophysiological Recording of VACC 


