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Summary: Arginine-vasopressin (AVP) is a peptide hormone normally secreted from neuroendocrine cells via the 
regulated secretory pathway. In Familial Neurohypophyseal Diabetes Insipidus (FNDI), an autosomal dominant form of 
central diabetes insipidus, mutations of pro-vasopressin appear to accumulate in the endoplasmic reticulum (ER) causing a 
lack of biologically active AVP in the blood. To investigate the effect of pro-vasopressin mutations regarding intracellular 
functions of protein targeting and secretion, we created two FNDI-associated amino acid substitution mutants, e.g., G14R, 
and G17V in frame with green fluorescent protein (GFP) and pro-vasopressin (VP) in frame with red fluorescent protein 
(VP-RFP). Fluorescence microscopy of Neuro-2a cells expressing these constructs revealed co-localization of VP-GFP 
and VP-RFP to punctate granules along the length and accumulating at the tips of neurites, characteristic of regulated 
secretory granules. In contrast, the two FNDI-associated amino acid substitution mutants, e.g., G14R-GFP, and G17V-
GFP, were localized to a perinuclear region of the Neuro-2a cells characteristic of the endoplasmic reticulum. Co-
expression of these mutants with VP-RFP showed VP-RFP was retained in the ER, co-localized with the mutants 
suggesting the formation of heterodimers as found in FNDI. Stimulated secretion experiments indicated that VP-GFP was 
secreted in an inducible manner whereas, G14R-GFP and G17V-GFP were retained to nearly 100% within the cells. 
Analysis by western blotting and semi-quantitative RT-PCR indicated an increased protein and mRNA expression for an 
ER resident molecular chaperone, BiP. Further analysis of ER-storage disease-associated proteins such as caspase 12 and 
CHOP showed an increase in these as well. The results suggest that G14R-GFP and G17V-GFP are retained in the ER of 
Neuro-2a cells, resulting in up-regulation of the molecular chaperone BiP, and activation of the ER-storage disease-
associated caspase cascade system.  
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INTRODUCTION 

 The autosomal dominant form of central diabetes, 
Familial Neurohypophyseal Diabetes Insipidus (FNDI) is 
caused by mutations in one allele of the vasopressin gene, 
precursor to the peptide hormone, AVP [1-3]. FNDI 
mutations are correlated with the disruption of AVP 
processing, storage and secretion [1-3]. In normal 
individuals, synthesis of mature AVP requires glycosylation 
of its precursor pro-vasopressin (VP), packaging into 
secretory granules and proteolytic processing prior to 
secretion by the regulated secretory pathway [4, 5]. In 
contrast, FNDI mutations of vasopressin appear to 
accumulate in the endoplasmic reticulum (ER) causing a lack 
of biologically active AVP in the blood [6-9]. 

 Symptoms of diabetes insipidus first appear in affected 
individuals between one and 6 years of age [10, 11]. The 
effects of polydipsia and polyuria can vary, even among 
relatives with the same mutation [12, 13]. However, one 
element common to several of the FNDI mutations is the 
accumulation of mutant vasopressin in the magnocellular 
neurons during early stages of the disease that  
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causes neurodegeneration of the magnocellular neurons over 
an extended period of time [1, 14, 15]. Evidence for this has 
been provided by autopsy studies and MRI data showing a 
reduction in the number of vasopressinergic neurons in the 
hypothalamus [15-17].  

 The autosomal dominance of FNDI and VP 
accumulation-associated degeneration of magnocellular 
neurons are also key elements found in other endoplasmic 
reticulum storage diseases (ERSD's) [18, 19]. Of 
significance are findings that in addition to cellular 
degeneration, the accumulation of proteins in the ER causes 
up-regulation of specific molecular chaperones called the 
unfolded protein response (UPR) [20, 21]. Several proteins 
are associated with the UPR, including the molecular 
chaperone, BiP (glucose regulated protein or Grp78) and 
PDI (protein disulfide isomerase) [22]. While the missorting 
of several vasopressin mutants has been described previously 
[3, 6, 7, 9, 23-25], the cellular effect of mutant vasopressin 
has not yet been thoroughly investigated. Therefore, we 
became interested in investigating the effects that mutant 
vasopressin has on intracellular sorting and on cell death.  

 To characterize the subcellular localization and cellular 
effects of vasopressin and FNDI-associated mutants, we 
analyzed the intracellular fate of pro-vasopressin coupled to 
red fluorescence protein (VP-RFP) and two FNDI-associated 
mutant constructs with GFP wherein the glycine residue at 
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position 14 or 17 was changed to anarginineor valine, 
respectively. The effect of these mutations on ER proteins 
and cell death were explored in a neuroblastoma cell line that 
has previously been used to study intracellular sorting of 
prohormones in our laboratory [26].  

MATERIALS AND METHODS 

Vasopressin and Mutations  

 Bovine preprovasopressin (VP) cDNA was kindly 
donated by Dr. Y. PengLoh (NIH) and amplified for 
subcloning as previously described [26]. The PCR product 
was digested with Nhe1/Pst1 and subcloned into the MCS of 
pEGFP-N1 (Clontech, Inc.). Mutations were created using 
the Stratagene Quick-Change Kit (Stratagene, Inc.). Using 
this technique, the FNDI-associated mutations were made; 
glycine at position 14 to an arginine (G14R-GFP) and 
glycine at position 17 to avaline (G17V-GFP). VP-RFP was 
made by digesting and ligating the VP cDNA into the Nhe1 
and BamH1 sites of the pdsRED-N1vector (VP-RFP). All 
constructs were sequenced to determine that the sequence 
was correct and in frame with GFP or RFP (Lark 
Technologies, Inc., Houston, TX). 

Cell Culture and Transfection 

 Neuro-2a cells (ATCC CCL131, murine neuroblastoma) 
were routinely maintained in culture at 37°C, 10% CO2, 
with DMEM containing 10% FBS, 1X Pen/Strep/Fungizone 
(Gibco, Gaithersburg, MD). The cells were plated in 6 or 
12well plates 24 hours prior to transfection in complete 
DMEM lacking Fungizone. The cells were incubated with 
the plasmid constructs in a suspension of OptiMEM and 
Lipofectamine for 18 hours. For fluorescence microscopy, 
the cells were grown on 18 mm glass coverslips. 

AVP Secretion 

 Basal AVP secretion was induced in transfected Neuro-
2a cells with 500 l B1 medium containing 25mM Hepes, 
pH 7.4, 125mMNaCl, 5mMKCl, 25mM glucose and 0.25% 
BSA for 30 min. After collecting basal AVP, stimulated 
AVP secretion was induced by 500 l B2 medium 
containing 25mM Hepes, pH 7.4, 125 mMNaCl, 5 mMKCl, 
25 mM glucose, 0.25% BSA and 3 mM BaCl2 for 30 min. 
Collected B1 and B2 medium were analyzed by affinity 
purification using Vector Fusion-Aid –GFP Kit followed by 
immunoblotting with anti-GFP antibodies.  

Affinity Purification by Vector Fusion-Aid –GFP Kit 

 GFP-Affinity spin columns containing agarose coupled 
to -GFP antibody were equilibrated with PBS. Protein 
extracts or B1 and B2 secretion medium were added to the 
columns and incubated for 10 min with gentle agitation. 
Columns were centrifuged at 5000 g for 1 min followed by 
collection of the flow through. After washing with PBS, 100 

l of elution buffer was added (PBS, 2% SDS). Columns 
were incubated for 5 min at 85°C. Columns then were 
centrifuged at 5000 g for 1 min and the eluates were 
collected for western-blotting analysis.  

BiP Retention Study 

 Cells were lysed in 200 l lysis buffer (0.5M Tris-Cl, 
EDTA 0.5M, NP-40 0.1%, DTT 0.001M, 1 protease 

inhibitor cocktail; pH 6.8) after 18 hours transfection and 
centrifuged at 13000 g. Total protein was determined by the 
Bio-Rad protein assay. Total protein, 100 g, were affinity 
purified by Vector Fusion-Aid-GFP Kit (Vector 
Laboratories, Burlingame, CA). Affinity purified samples 
were separated on a 10% SDS-PAGE gel followed by 
immunoblotting with anti-BiP (1: 500) and anti-GFP 
(1:1000) specific antibodies. 

Immunocytochemistry and Fluorescence Microscopy 

 Transfected cells grown on glass coverslips were fixed 
with 2% paraformaldehyde in 1X PBS containing 0.1% 
Triton X-100. The cells were blocked with 10% goat serum 
in 1X PBS for 1 hr, followed by incubation with primary 
antibodies specific for alpha-mannosidase II (1:2500) 
purchased from Dr. K. Moreman (University of Georgia, 
Athens, GA.) or BiP. After incubation, the cells were 
incubated with second goat anti-rabbit IgG conjugated to 
biotin followed by incubation with streptavidin conjugated to 
Texas Red (Roche, Indianapolis, IN). The labeled cells were 
post-stained with Hoechst 33258 dye for nuclear DNA (1 
minute) followed by mounting with Gelmount (Biomeda, 
CA). GFP, RFP, Texas Red and Hoechst stained cells were 
visualized on a Leica DMR epifluorescent microscope and 
images captured using an Optronics DEI Magnafire CCD 
camera. The images were prepared using Adobe Photoshop 
and Illustrator CS3 software. 

Western Blots 

 Cells to be analyzed by Western blot were grown in 6 
well plates and transfected with the constructs. At the 
appropriate times, the media was removed and the cells were 
washed with PBS, scraped from the plates and centrifuged to 
a pellet. The PBS was removed and the cells were lysed in 
Tris-EDTA containing 5 mM PMSF and aprotinin. The cell 
pellet was freeze-thawed 3 times followed by centrifugation 
at 15,000Xg. The supernatant was separated from the cell 
debris. The sample (30 μg) was combined with SDS-PAGE 
sample buffer (10% SDS, bromophenol blue, 5 mM b-
mercaptoethanol and 20% glycerol) and boiled for 5 min. 
The sample proteins were then separated on a 12% 
acrylamide gel and subsequently transferred to PVDF 
membrane for Western blotting by the ECF system 
(Amersham). The PVDF was blocked in 3% non-fat dry 
milk, 0.3% Tween 20 in 1X PBS (blocking buffer) for one 
hour, followed by incubation with antibody to GFP 
(Clontech, Palo Alto, CA) for 1 hr. After washing for 5 min 
with 0.3% Tween 20 in 1X PBS, the membrane was 
incubated with a fluorescein tagged second antibody 
followed by another wash and finally incubation with an 
alkaline phosphatase conjugated third antibody to 
fluorescein. A substrate was added to the membrane and 
allowed to develop on the Fuji FLA2000 Phosphor-
Fluorimager. Images were captured at 10 minute intervals 
for 1 hr. Quantitation was by ImageGauge v3.3 software 
(Fuji).  

REAL-TIME RT-PCR 

 Total RNA for Real-Time PCR were isolated from the 
mouse neuroblastoma cell line, Neuro-2A, in TRIzol  via a 
chloroform/methanol extraction. Isolated RNA was 
dissolved in 1X TE and treated with DNase1 (DNA-freeTM, 
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Ambion) for 20 minutes and DNase Turbo for 30 minutes. 
Approximately 50 ng of total RNA was used for a multiplex. 
As an internal standard and for normalization, a primer set to 
GAPDH was used for all PCRs. PCR products were 
generated, optimized and analyzed by fluorescent Real-Time 
PCR on a BioRadi Cycler Real-Time PCR machine. The Ct 
for an individual sample,i.e., VP-GFP, was calculated by 
subtracting the GAPDH Ct value from the VP-GFP Ct value. 
This method of relative gene expression analysis has been 
described in detail by Livak and Schmittgen [27]. The 
individual sample 2  values for each treatment group 
were averaged and compared to the VP-GFP controls to 
obtain the percent of control GFP mRNA. The formula for 
this is shown below. GOI stands for Gene of Interest. 

2- CT= 2-(Ct
GOI

-Ct
GAPDH

)-(Ct
GOIave

-Ct
GAPDHave

) 

RESULTS 

Localization of VP-GFP in Neuro-2a Cells  

 To directly examine the sorting of vasopressin, four 
chimeric vasopressin green or red fluorescence fusion 
protein constructs were made for expression in Neuro-2a 
cells and observation by fluorescence microscopy. The 
cDNA for pro-vasopressin or a mutant form of vasopressin 
was inserted into the multiple cloning site of the green 
fluorescence protein expression vector pEGFP-N1 (Fig. 1). 
Another chimeric construct was made by insertion of pro-
vasopressin in frame into the red fluorescence protein 
dsRED vector.  

 In Neuro-2a cells expressing VP-GFP, the chimeric 
protein was localized to punctate granules found along the 
neurites and in granules that appeared to accumulate at the 
tips of the neurites (Fig. 2A). Immunostaining for the ER 
resident protein, BiPwas found to be localized in a diffuse 
perinuclear area characteristic of the ER (Fig 2B).When the 
two images were merged, perinuclearVP-GFP did not appear 
to co-localize with BiP(Fig. 2C). For comparison, Fig 2D 
shows VP-GFP co-localized with staining for -mannosidase 

II (2E &F), a protein associated with the Golgi.G14R-GFP 
and G17V-GFP fluorescence did not co-localize with -
mannosidase II staining, suggesting that the mutant protein 
did not proceed to the Golgi (data not shown).In contrast, 
G14R-GFP fluorescence appeared to be similar to that of 
BiP (Fig. 2G). G14R-GFP fluorescence was observed to co-
localizen early completely with BiP staining (Fig. 
2H).Merge of the two micrographs shows nearly 100% 
overlap of the G14R-GFP and BiP staining in the ER (Fig. 
2I). Likewise, G17V-GFP fluorescence appeared to be 
similar to that displayed by G14R-GFP and BiP (Fig. 2J). 
G17V-GFP fluorescence was also observed to co-
localizenearly completely with BiP staining (Fig. 2K).Merge 
of the two micrographs shows nearly 100% overlap of the 
G17V-GFP and BiP staining in the ER (Fig. 2L). The results 
strongly suggest that the mutations altered the intracellular 
movement of mutant VP-GFP, i.e., the mutant proteins were 
retained in the ER.  

Mutant VP-GFP Causes Heterologous Disruption of VP-
RFP Progression Through the ER and Golgi 

 One of the hallmarks of FNDI is the apparent capability 
of mutant vasopressin to dimerize with normal vasopressin 
and prevent its egress from the ER to the Golgi and regulated 
secretory pathway (RSP). To study this process, we co-
expressed VP-RFP with either normal VP-GFP or VP-GFP 
mutants. By using both GFP and RFP, we can 
simultaneously identify both mutant (green) and non-mutant 
(red) vasopressin in the cells. 

 As seen in Fig. (3A), VP-GFP fluorescence was observed 
in punctate granules as in Fig. (2A) and 2D. Likewise, VP-
RFP was sorted into punctate granules that extended along 
the neurites and accumulated at the tips (Fig. 3B). Co-
transfection of the cells with VP-GFP indicated that VP-GFP 
and VP-RFP were co-localized in the same granules in these 
cells (Fig. 3C). However, when G14R-GFP (Fig. 3D) and 
G17V-GFP (Fig. 3G) were co-expressed with VP-RFP (Fig. 
3E & H, respectively), the pattern of fluorescence for VP-

 

Fig. (1). Schematic diagram of GFP constructs. VP-GFP represents pre-provasopressin with GFP. VP-RFP is pre-provasopressin with 
dsRED. G14R-GFP and G17V-GFP are FNDI-associated mutants in which an arginine or valine residue has been substituted for a glycine at 
position 14 or 17 of neurophysin, respectively. K and R represent the single letter code for amino acids, lysine and arginine, respectively. SP: 
Signalpeptide;AVP: Arginine-vasopressin; NP: Neurophysin; GP: Glycoprotein. The single disulfide bond in AVP and 7 disulfide bridges in 
neurophysin are not shown. Glycopeptide does not contain cysteine residues but does contain one N-linked glycosylation site at amino acid 
residue 114.  
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RFP was significantly altered. VP-RFP was no longer sorted 
to punctate granules, but rather, was found to be co-localized 
to the same perinuclear region as G14R-GFP and G17V-GFP 
(Fig. 3F & I, respectively), i.e., a BiP-staining region 
indicative of the ER. The results support studies that 
demonstrated retention of normal vasopressin by 
accumulating with mutant vasopressin in the [6-8, 28].  

Stimulated Secretion of VP-GFP, G14R-GFP, and G17V-
GFP 

 The hallmark of the regulated secretory pathway is the 
release of peptide hormones in response to a stimulus [29]. 
The Neuro-2a cells are responsive to classic extracellular 
stimuli that cause depolarization resulting in stimulated 

secretion of peptide hormones. In the following experiments, 
Neuro-2a cells expressing VP-GFP, G14R-GFP and G17V-
GFP were stimulated with 3mMBa2+. The media and cell 
lysates were affinity purified by a Vector Fusion-Aid GFP 
kit and analyzed by western blotting with antibodies for 
GFP.  

 When Neuro-2a cells expressing VP-GFP were 
stimulated with Ba2+, VP-GFP was secreted in a regulated 
manner (Fig. 4). In comparison, in Neuro-2a cells expressing 
theG14R-GFP or G17V-GFP constructs, there was a 
significant (p<0.05) 75-80% decrease in the amount of 
protein secreted in response to the same stimulation (Fig. 4). 
The results suggest that retention in the ER caused a 
reduction in the amount of mutant vasopressin secretion.  

 

Fig. (2). Fluorescent micrographs of VP-GFP, G14R-GFP, and G17V-GFP constructs expressed in Neuro-2a cells. A) VP-GFP expression in 
Neuro-2a cells. Double-arrowheads indicate VP-GFP fluorescence in areas characteristic of the Golgi. B) BiP staining for ER. Double-
arrowheads indicate Texas Red staining of BiP in the ER. C) Merge of A and B. Note that very little yellow is observed, indicating lack of 
overlap of VP-GFP and BiP. D) VP-GFP expression in Neuro-2a cells. Arrows indicate VP-GFP fluorescence in a perinuclear region 
characteristic of the Golgi. E) Alpha-Mannosidase II ( -MII) staining for the Golgi. Arrows indicate Texas Red staining of Golgi. F) Merge 
of D and E. Yellow indicates areas of co-localization of VP-GFP and ( -MII). The blue staining in (F) is Hoechst dye that binds to DNA to 
indicate the nucleus. G) G14R-GFP expression in Neuro-2a cells. Double-arrowheads indicate perinuclear accumulation of G14R-GFP. H) 
BiP staining for ER. Double-arrowheads indicate Texas Red staining of the ER. I) Merge of G and H. Yellow indicates areas of co-
localization of VP-GFP and BiP. J) G17V-GFP expression in Neuro-2a cells. Double-arrowheads indicate perinuclear accumulation of 
G14R-GFP. K) BiP staining for ER. Double-arrowheads indicate Texas Red staining of the ER. L) Merge of J and K. Yellow indicates areas 
of co-localization of mutant VP-GFP and BiP. Bar= 10 micrometers 
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Effect of G14R-GFP and G17V-GFP on ER Chaperone 
Protein BiP 

 The evidence presented in this paper and from others 
suggests that G14R-GFP and G17V-GFP are retained in the 
ER, most probably as a result of the mutation that caused a 
perturbation in the folding of mutant vasopressin [30]. We 
wanted to determine whether retention in the ER had an 
effect on the ER chaperones involved in protein folding and 
the unfolded protein response. The ER chaperone BiP 
(GRP78) was chosen since its expression has been shown to 
be up-regulated in response to protein misfolding [19, 31-
34]. Neuro-2a cells were transfected with VP-GFP, G14R-
GFP or G17V-GFP constructs, and allowed to incubate for 
24 hours. The cells were then lysed and GFP was affinity 
purified from the lysates. We analyzed the affinity-purified 
proteins by western blotting and analyzed each of the 
constructs using antibodies for BiP (Fig. 5A). The western 
blot results indicate that BiP protein levels were 
significantly(p<0.05) increased in both G14R-GFP and 
G17V-GFP expressing cells compared to VP-GFP cells (Fig. 
5B). In contrast, protein disulfide isomerase erase and -
mannosidase II protein levels were not significantly altered 
in the G14R-GFP or G17V-GFP groups compared to VP-
GFP cells (data not shown). 

 To correlate the BiP protein increases with mRNA 
expression, total RNA was isolated after 24 hrs and analyzed 
by semi-quantitative RT-PCR using primers for BiP that 
produced a 120 bp PCR product. In the same reaction tube, 
another set of primers was used that yielded a 105 bp PCR 
product for the housekeeping gene, GAPDH mRNA. 
RealTimeRT-PCR was performed on VP-GFP, G14R-GFP 
and G17V-GFP transfected cells. The PCR results indicated 
that the BiP mRNA levels were significantly (p<0.05) 
increased2.5 and 2.3 fold in the G14R-GFP and G17V-GFP 
cells, respectively (Fig. 5C) in comparison to VP-GFP 
transfected cells. To study this further, we examined the 
effect that the mutation had on -mannosidase II, a Golgi-
localized protein and protein disulfide isomerase (PDI). 
Accordingly, mRNA levels were found to be the same in 
G14R-GFP and G17V-GFP compared with VP-GFP 
expressing cells (data not shown).  

Effect of G14R-GFP and G17V-GFP on Markers of Cell 
Death 

 The ultimate fate of vasopressinergic cells expressing 
FNDI-mutations in humans is cell death and loss of the 
neurons. To examine the effect of the two mutations on 
transfected cells, we analyzed caspase 12, a cell-death 
caspase,known to be activated in mouse cells in response to 

 

Fig. (3). Fluorescence micrographs of VP-GFP, mutant VP-GFP and VP-RFP constructs co-expressed in Neuro-2a cells. A) VP-GFP 
expression in Neuro-2a cells. Arrows indicate BP-GFP in secretory granules and at the tips of neuritis.B) VP-RFP co-expression in the same 
cells. Double-arrowheads indicate VP-RFP in secretory granules and at the tips of neuritis. C) Merge of A and B. Yellow indicates areas of 
co-localization of VP-GFP and VP-RFP. D) G14R-GFP co-expression with VP-RFP (E) in Neuro-2a cells. F) Merge of the two micrographs 
indicating yellow where overlap occurs. G) G17V-GFP co-expression with VP-RFP (H) in Neuro-2a cells. (I) Merge of the two micrographs 
indicating where overlap occurs. Arrows indicate punctate granules in the neurites of the green or red fluorescence. Bar= 10 micrometers 
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ER damage or stress [35-38]. Protein was extracted from 
cells expressing the VP-GFP, G14R-GFP and G17V-GFP 
constructs and analyzed by western blotting (Fig. 6A). The 
results clearly show a significant increase (p<0.05) in 
activated caspase 12 (35 kDa) in the extracts from cells 
carrying either of the two mutations in contrast to cells 
expressing VP-GFP (Fig. 6B). A smaller form of caspase 12, 
i.e., 17 kDa, was also observed to increase in these cells (Fig. 
6B). The 35 kDa form of caspase 12 corresponds to the 
larger epitope-containing region formed from cleavage at 
T132/A133 and the 17 kDa form is the smaller C-terminal 
region formed by cleavage at K158/T159 [39, 40]. At the 
time points tested, caspases 3 and 9 were unaffected by the 
mutants (data not shown).  

 Another protein associated with the ER-storage disease 
pathway and unfolded protein response (UPR) is CHOP 
(C/EBP Homology Protein) also known as GADD153 
(Growth Arrest DNA Damage 153) [41, 42]. CHOP is a 
nuclear protein that is induced by ER stress and acts to 
inhibit DNA binding to promoter C/EBP sites by dimerizing 
with C/EBP [43-47]. The CHOP/C/EBP complex then forms 
heterodimers with other promoter regions to activate other 
genes, e.g., Jun/Fos and ultimately induces apoptosis [41]. 
We analyzed CHOP expression by Real Time-RT PCR for 
changes in the mRNA levels following expression of VP-
GFP, G14R-GFP, and G17V-GFP. There was a significant 
5-10-fold increase in the CHOP mRNA in the same cells 
(Fig. 7). Western blots suggested an increase in the CHOP 
protein in cells expressing G14R-GFP and G17V-GFP 
compared with controls (data not shown). The results clearly 
establish a pattern of activation of the ER-stress pathway that 
would eventually lead to cell death by apoptosis.  

DISCUSSION 

 The autosomal dominant disease, familial 
neurohypophyseal diabetes insipidus is characterized by an 
insufficient amount of AVP being released into the blood [9, 
25, 48-50]. The reason for the lack of AVP secretion appears 
to be the presence of a variety of mutations in the pro-
vasopressin gene that compromise the folding of pro-
vasopressin causing its aggregation and retention in the ER 
that leads to a malfunction in sorting and processing [25, 30, 
48-54]. Correspondingly, the objectives of our study were to 
investigate how mutations in the neurophysin region of 
vasopressin could have adverse effects on; 1) folding and 
dimerization of the prohormone; 2) intracellular trafficking 
and secretion from the cell; and 3) the fate of the cell itself.  

 Previous work has shown that pro-vasopressin's ability to 
be sorted into the regulated secretory pathway is directly 
related to its 3-dimensional folding which is considered to be 
critical for dimerization of then europhysin region of the pro-
vasopressin molecules [6-8, 25, 30, 55-57]. In one of these 
studies, folding of the same G17V mutation that we used, 
was analyzed by nuclear magnetic resonance (NMR) and 
circular dichroism (CD) spectroscopy and was found to have 
a much lower folding efficiency than wild-type vasopressin 
or even E47 and A29G mutations [30]. This is proposed to 
be due to the interruption of the beta-turn in neurophysin in 
this area [49]. In studies on other mutations the ability of to 
dimerize was found to not be adversely affected by the 
G57S/R or E47 mutations, but was affected by the 87-Stop 
mutation. To test for intermolecular interactions, we used 
two mutations that mark the beginning and end of the beta-
turn between two beta-pleated sheets in the neurophysin 

 

Fig. (4). Secretion of GFP from Neuro-2a cells. Secretion media from Neuro-2a cells transfected with the constructs was extracted using a 
GFP-specific affinity column. The GFP proteins extracted from the secretion media were run on a denaturing SDS-PAGE and quantitated by 
western blotting with antibodies to GFP. Due to the nature of the extraction process, GFP was normalized to the amount of protein loaded on 
the gel, 30 μg. The data represents the mean ± SEM from 4 independent experiments. Asterisks indicate both G14R-GFP and G17V-GFP 
showed significant difference (p<0.05) from VP-GFP. 
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molecule, e.g.,G14R-GFP and G17V-GFP, respectivelyand 
co-transfected them with VP-RFP into Neuro-2a cells. 

 In cells expressing the G14R-GFP and G17V-GFP 
mutants, the GFP fluorescence was mostly retained in the 
ER, similar to observations by other investigators using a 
variety of FNDI-associated mutants. Punctate granules were 
not seen in these cells suggesting that the mutant VP-GFP 
was significantly blocked from entry into the RSP [7, 24, 26, 
56, 58]. We then developed a model of FNDI in which the 
cDNA for wild-type pro-vasopressin is coupled to the cDNA 
for red fluorescent protein (VP-RFP) that can be co-
expressed with the mutant VP-GFPs.The majority of cells 
co-expressing mutant vasopressin with normal vasopressin 
displayed both red and green fluorescence co-localized in the 
ER. This is the first direct visual evidence that heterodimers 
can form between mutant VP-GFP and normal VP-RFP. If 
dimerization did not occur in the ER, then VP-RFP should 

have continued to traffic through to the Golgiand RSP. The 
results from our experiments substantiate the autosomal 
dominant effect of the FNDI mutations to dimerize and 
prevent the movement of normal pro-vasopressin from the 
ER to the Golgi and regulated secretory pathway.  

 Aggregation in the ER has been proposed to be due to the 
formation of fibrillar aggregates by intermolecular disulfide 
bond formation [59]. While our study was not designed to 
directly test this hypothesis, we have no evidence that this is 
not a mechanism that could explain our results. However, the 
fact that heterodimers were able to form in our experiments 
suggests that disulfide bridge formation may not have been 
perturbed as much in our two mutants as those in Birk’s 
study. Likewise, in a previous NMR study on G17V-GFP, 
the disulfide bond formation was found to be normal and not 
perturbed by the misfolding caused by the mutation [30]. 
Differences in cell lines (COS-1 in Birk versus Neuro-2a in 

 

Fig. (5). Western blot and Semiquantitative Real Time RT-PCR for BiP. A) GFP protein was extracted from cells expressing the VP-GFP or 
mutant VP-GFP constructs using a GFP affinity column. BiP co-eluting with GFP indicative of VP-GFP or mutant VP-GFP was analyzed by 
western blots. The density of each BiP-specific band was normalized to GFP from the same lane. B) Total RNA was extracted from Neuro-
2a cells transfected with the chimeric constructs. B) Semi-quantitative RT-PCR was conducted for each of the constructs and normalized 
against an internal RT-PCR standard, GAPDH. The RTPCR results were normalized to VP-GFP and analyzed by the method of Livak 
[2001]. The data for both western blots and semiquantitative RT-RTPCR are expressed as the mean ± SEM from three independent 
experiments. Asterisks indicate G14R-GFP and G17V-GFP showed a significant difference (p<0.05) from VP-GFP. 
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our study), length of time for the experiments (48-72 hours 
for Birk versus 18-24 hours for our study) and the types of 
mutations could be an explanation for these findings. These 
types of aggregates were also not found in an in vivo model 
of FNDI (C67X in which a stop codon has been inserted at 
cysteine 67 of neurophysin) suggesting that cell type, time or 
type of mutation may play a role in aggregate formation 
[35]. 

 Stimulated secretion of a peptide hormone from neuro-
endocrine cells is considered to be one of the most important 
points of regulation of the hormone’s function. The predicted 
outcome of our immunocytochemical studies would be 
decreased secretion of the mutated vasopression molecule. In 
the case of FNDI, secretion of the peptide hormone AVP is 
attenuated by misfolding of the vasopressin molecule and 
retention in the ER. In the present study, only a small 
amount of the mutant vasopressin molecules exited the ER, 
through the Golgi to either the regulated or constitutive 
secretory pathway. In vivo studies also indicate a small 

amount of mutant vasopressin was secreted into the 
circulation in some patients [9, 25, 48-50]. Thus, the folding 
of the neurophysin region can be viewed as a predictor of the 
ability of pro-vasopressin to 1) exit the ER; 2) sort to the 
regulated secretory pathway; and 3) be secreted from the 
cell.  

 In another ER storage disease, thyroglobulin is 
improperly folded causing retention in the ER and induction 
of specific molecular chaperones [60]. For our study, we 
investigated the expression of a specific chaperone in 
response to expression of mutant vasopressin, i.e., BiP. BiP 
is a protein involved in binding to newly-synthesized 
proteins [20, 33, 45, 61]. Most importantly, since it is a 
member of the HSP70 family of molecular chaperones, BiP 
also binds to misfolded or unassembled proteins that cannot 
exit the ER [20]. Due to BiP's role in retaining misfolded 
proteins in the ER, our hypothesis was that as more 
misfolded proteins are made, more BiP is necessary for ER 
retention. The results from our experiments in which BiP 

 

Fig. (6). Activated Caspase 12 is increased in cells expressing G14R-GFP and G17V-GFP. A) Representative western blot showing activated 
caspase 12 (25 kDa) in the nuclei of cells expressing VP-GFP and the mutant VP-GFP constructs. B) Graph showing the relative levels of 
activated caspase 12 (35 and 25 kDa) in the cytoplasm of cells expressing the mutants or VP-GFP. Density of the caspase 12 bands was 
normalized to actin staining in each lane. The results represent the mean ± SEM from 3 independent experiments. Asterisks indicate G14R-
GFP and G17V-GFP showed a significant difference (p<0.05) from VP-GFP. 
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protein and mRNA G14R-GFP and G17V-GFP expressing 
cellswere both induced from 1.5-3 fold higher than in cells 
expressing VP-GFP, support this hypothesis. The binding 
and retention cycle causes a drop in free BiP that would 
signal the need for the cell to make more BiP . The increase 
we saw, however, was small compared to the thyroglobulin 
system [33, 60, 62]. One explanation is that the degradative 
machinery of the ER may have been able to keep pace with 
the amount of misfolded protein being made over the short 
time of our experiments (18-24 hours). We also measured 
the protein and mRNA levels for protein disulfide isomerase 
and the Golgi protein, alpha-mannosidase II. There was no 
significant difference in the mRNA or protein levels of PDI 
in the cells expressing the mutants, most probably because 
disulfide folding was not impaired by either of the mutations. 
Thus, there was no need to increase its production. Further 
support for this was the finding that formation of the 
disulfide bonds was not found to be impaired in a previous 
study using the G17V mutation [30]. In interesting contrast 
to PDI, there was a large increase in alpha-mannosidase II 
mRNA in the VP-GFP expressing cells and a significant 
decrease in cells expressing the mutations (data not shown). 
These results are consistent with the increased traffic of VP-
GFP through the Golgi but lack of mutant vasopressin 
movement out of the ER to the Golgi.  

 One of the observations from MRIs of patients with 
FNDI is the disappearance of the ‘white spot’ representative 
of the magnocellular vasopressinergic neurons [10, 12, 50, 
54]. This is thought to occur over time as the misfolded 
vasopressin is retained in the ER, eventually becoming toxic 
to the ER and cell. In a mouse model of FNDI, there was a 
reported decrease in the number of vasopressinergic neurons 
of the paraventricular nucleus and supraopticnucleus over 18 
months [35]. In our study, we found that the activated form 
of caspase 12 was increased in cells expressing G14R-GFP 
and G17V-GFP compared with the VP-GFP control. Caspase 
12 in mouse cells is considered an initiator of the ER stress 
pathway for cell death [36, 38, 63]. The results presented 
here clearly establish that this pathway is activated, 
potentially leading to apoptosis. Further analysis of the 
CHOP protein associated with stress-induced apoptosis also 
establishes that it is induced in cells expressing both of the 

mutants and that its mRNA is also increased. This reinforces 
the proposal that apoptosis is the primary cause of cell death 
in FNDI and not necrosis. In the C67X mouse model of 
FNDI, TUNEL assays and immunocytochemistry failed to 
show apoptotic markers, e.g., caspase 3, or CHOP [35]. The 
different results could be related to the type of mutation, its 
severity in altering intracellular trafficking through the 
secretory pathway or cell-specific differences.  

 The results presented here suggest that mutations 
associated with the autosomal dominant form of central 
diabetes insipidus do result in a dominant phenotype when 
normal vasopressin is co-expressed in the same cells. The 
result is the retention of both normal and mutated pro-
vasopressin in the ER that correlates with an increase in the 
ER chaperone BiP, a marker for the unfolded protein 
response [64, 65]. Markers for ER-stress associated 
apoptosis, i.e., caspase 12 and CHOP as induced by the 
expression of the two pro-vasopressin mutants suggest that 
apoptosis may play a role in the disappearance of 
vasopressinergic neurons observed in familial 
neurohypophyseal diabetes insipidus [1, 66, 67].  
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