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We have previously demonstrated that GH is subject to rapid
receptor-dependent nuclear translocation. Here, we examine
the importance of ligand activation of the GH-receptor (GHR)-
associated Janus kinase (JAK) 2 and receptor dimerization for
hormone internalization and nuclear translocation by use of
cells stably transfected with cDNA for the GHR. Staurospor-
ine and herbimycin A treatment of cells did not affect the
ability of GH to internalize but resulted in increased nuclear
accumulation of hormone. Similarly, receptor mutations,
which prevent the association and activation of JAK2, did not
affect the ability of the hormone to internalize or translocate
to the nucleus but resulted in increased nuclear accumulation
of GH. These results were observed both by nuclear isolation
and confocal laser scanning microscopy. Staurosporine treat-
ment of cells in which human GH (hGH) was targeted to the

cytoplasm (removal of secretion sequence) or to the nucleus
(addition of the nuclear localization sequence of SV40 large T
antigen) resulted in preferential accumulation of hGH in the
nucleus. We further investigated the requirement of receptor
dimerization for GH nuclear translocation using the non-
receptor-dimerizing hGH antagonist, hGH-G120R, conjugated
to fluorescein isothiocyanate. Confocal laser scanning micros-
copy demonstrated efficient internalization of both hGH and
hGH-G120R but lack of nuclear translocation of hGH-G120R.
Thus, we conclude that activation of JAK2 kinase and the
subsequent tyrosine phosphorylation is not required for nu-
clear translocation of GH but is pivotal for the removal of the
hormone from the nucleus, and that GH translocates into the
nucleus in a GHR dimerized-dependent fashion. (Endocrinol-
ogy 144: 3182–3195, 2003)

GH IS THOUGHT to initiate its biological actions, in-
cluding induction of a number of RNA species in

mammalian tissues (1), by interaction with a specific
membrane-bound GH receptor (GHR) (2). The GHR lacks
intrinsic tyrosine kinase activity; but, on ligand stimulation,
receptor phosphorylation is induced by its physical associ-
ation with the nonreceptor tyrosine kinase Janus kinase
(JAK) 2 (3, 4). On binding the receptor at the cell surface, GH
is internalized into the cell and redistributed to different
subcellular compartments (5). The process of cytoplasmic
internalization of GH has been recently under intense in-
vestigation and seems to involve the clathrin-coated path-
way (6, 7), caveolae (8), and the ubiquitin conjugating system
(9–12). The residue Phe 346 (13) and a �-turn endocytic code
carried by the Asp 335 (14) were identified as structural
requirements for efficient GHR internalization. Apart from
down-regulation of cell surface receptor, the function of in-
ternalized GHR-ligand complex is not well understood but
does not seem to be required for the transcriptional response
to GH (13). Interestingly though, two recent reports dem-
onstrated that endosomal GHR signal transduction contin-
ues after endocytosis and sustains signal transduction (15,

16). Thus, it is evident that the intracellular routing of in-
ternalized GH between lysosomes, mitochondria, and the
Golgi apparatus (5) and its regulation by the proteasome
system (17) are of biological importance. We have previously
demonstrated that both GH (18, 19) and the GHR (18, 20) are
subject to rapid nuclear translocation and that JAK2 is lo-
cated constitutively in the nucleus (21). GH treatment of cells
has previously been demonstrated to stimulate the tyrosine
phosphorylation of nuclear JAK2 without an apparent
change in its subcellular location (21). Recent work has also
demonstrated that nuclear localized GH binding protein is
required for the full transcriptional response to GH through
the JAK-STAT (signal transducer and activator of transcrip-
tion) pathway (21a).

The mechanism by which GH and or the GHR are trans-
located to the nucleus is not understood. The nuclear trans-
location of several other polypeptide hormones regulating
growth responses has also been described (22). Tyrosine
kinase activity seems necessary for the internalization of
insulin, epidermal growth factor, and prolactin (PRL) (23);
and therefore, as a consequence, is required for the nuclear
translocation of exogenously applied polypeptide hormone
and/or growth factor. The nuclear translocation of the re-
lated hormone PRL has also been demonstrated to require
protein kinase C (PKC) activity (24).

We have taken complementary approaches to determine
the role of tyrosine kinase activity and dimerization of the
GHR in the processes of internalization and nuclear trans-
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location of GH: first, by inhibition with predetermined con-
centrations of tyrosine kinase inhibitor, which inhibit JAK2
activity; and second, by the use of receptor mutations, which
are unable to bind JAK2 or induce tyrosine phosphorylation
within the cell. We show that tyrosine phosphorylation is not
required for internalization and nuclear translocation of GH
but is pivotal for the removal of GH from the nucleus. In
addition, we provide evidence that nuclear translocation of
GH is dependent on cell surface receptor dimerization. This
raises the possibility of a novel mechanism for nuclear trans-
location/accumulation used specifically by GH and not
other peptide ligands.

Materials and Methods
Hormone iodination and labeling

Recombinant rat GH (rGH) and a guinea pig antirat GH antibody
were obtained from Dr. A. F. Parlow (National Hormone and Pituitary
program). Recombinant human GH (hGH) and hGH-G120R were a
generous gift from Novo-Nordisk Asia Pacific Pte Ltd. (Singapore) and
Pharmacia Pte Ltd. (Stockholm, Sweden). hGH was iodinated by the
iodogen method (25) and fractionated on a Sepharose G-25 column.
Specific activity of hGH was 80–150 �Ci/�g protein. Fluorescein iso-
thiocyanate (FITC)-hGH-G120R and FITC-hGH were prepared using a
FluoroTag-FITC conjugation kit according to the supplier’s instructions
(Sigma, Singapore). Integrity of the labeled protein was verified on 15%
PAGE followed by Western blot detection with anti-hGH (DAKO Corp.,
Singapore) according to standard procedures. Functional activity of
FITC-hGH was determined in a reporter assay using the c-fos-SIE-CAT
plasmid as described previously (8). The murine antirat GHR (mAb 263)
was a generous gift from Dr. M. J. Waters (Queensland University,
Brisbane).

Cellular transfection of GHR

Rat GHR cDNA was cloned into an expression plasmid containing an
SV40 enhancer and a human metallothionein IIa promoter. The cDNAs
were transfected into Chinese hamster ovary (CHO)-K1 cells with li-
pofectin together with the pIPB-1 plasmid that contains a neomycin
resistance gene fused to the thymidine kinase promoter (26). Stable
transfected cells were selected using 1 mg/ml G418. The complete rat
GHR cDNA (27) coding for amino acids 1–638 was expressed in CHO4–
638 or CHOA-638 cells (26). These cells expressed 40,000–80,000 recep-
tor per cell and will be referred to as CHO-GHR1–638 (26). The con-
struction of GHR cDNA expression plasmids containing a deletion of
box 1 (� 297–311) and the individual substitution of proline residues 300,
301, 303, and 305 in box 1 for alanine has been described previously (28).
These cDNAs were stably transfected into CHO-K1 cells; the � 297–311
mutation was expressed in CHO-GHR1–638� 297–311 (20,000–60,000 per
cell) cells, and P300,301,303,305A was expressed in CHO-GHR1–638
P300,301,303,305A cells (60–100 000 per cell) (28).

Construction of hGH expression plasmids and
transient transfection

Three hGH expression plasmids were used for transient transfection
experiments. The first contained the wild-type (WT)-hGH gene under
the control of the metallothionein Ia promoter (see Ref. 32). Another
construct contained the hGH gene but with removal of the gene se-
quence encoding the secretion sequence and addition of a methionine
residue (XS-hGH), also under the control of the metallothionein Ia pro-
moter. Last, a construct was made in which the nuclear localization
signal (NLS) of the SV40 large T antigen, preceded by a methionin
residue, was added to the hGH gene in which the secretion sequence had
been removed (NLS-hGH), also under the control of the metallothionein
Ia promoter.

Parental CHO cells were grown to confluence in 100-mm dishes and
transiently transfected with 10 �g of the different hGH expression plas-
mid, using DOTAP according to the manufacturer instructions (Roche
Pte Ltd., Singapore). After transfection for 12 h and a further incubation

for 24 h � 100 nm staurosporine, the cells were rinsed with cold PBS HCl
(pH 3), and cytoplasmic and nuclear extracts were prepared (see below).
The amount of hGH produced and secreted over a 24-h period into 7 ml
serum-free media was then quantitated by ELISA (see below).

Hormone internalization, degradation, and nuclear uptake
in transfected cells

For hormone internalization and degradation assays, CHO cells were
grown to confluence in 6-well plates in Ham’s F-12 medium supple-
mented with 10% fetal calf serum, 50 U/ml penicillin, and 50 �g/ml
streptomycin. For estimation of hormone nuclear uptake, cells were
similarly grown to confluence in 100-mm-diameter dishes. When cell
surface receptor expression and hormone internalization were com-
pared with hormone nuclear uptake, both assays were performed in
100-mm-diameter dishes. Confluent cells were incubated in serum-free
medium for 12 h before addition of 125I-hGH (approximately 150,000
cpm/well) for the indicated time periods. Nonspecific or nonreceptor
mediated uptake was estimated by the concomitant addition of 10
�g/ml unlabeled hGH to the media. For estimation of hormone inter-
nalization, the media was removed, the cells were washed once with
PBS, and cell surface bound hormone was removed by washing the cells
with 5 ml PBS-HCl (pH 3) for 1 min (5). The cells were then washed twice
with 5 ml PBS, solubilized with 0.1 m NaOH-1% sodium dodecyl sulfate,
scraped, and transferred to tubes for �-spectrometry. Cell surface re-
ceptor was estimated by incubation of cells at 4 C for 4 h with 125I-hGH,
and nonspecific binding was determined by the addition of 10 �g/ml
unlabeled hGH. Degraded GH is released into the media as iodotyrosine
(29). Hormone degradation was estimated by trichloroacetic acid pre-
cipitation (10%) of media and quantitation of radioactivity in the su-
pernatant. Rapid isolation of nuclei was performed as previously de-
scribed (18, 30). Cells were washed 3 times in PBS before removal with
a rubber policeman. Cells were centrifuged at 800 � g, the supernatant
removed, then resuspended in a nuclear isolation buffer containing 10
mm Tris-HCl (pH 7.4), 10 mm MgCl2, 10 mm benzamidine hydrochlo-
ride, 3 mm aminoacetonitrile hydrochloride, and 0.5% Nonidet P-40.
Extracts were vortexed for 10 sec, placed on ice for 5 min, centrifuged
at 400 � g, the supernatant removed, and the process repeated twice
more. The validity of this method and the characterization of the nuclear
fraction have previously been reported (18). Pellets were counted on an
LKB �-spectrometer.

Treatment of cells with inhibitors of tyrosine kinase activity

Cells were cultured and processed as described above and exposed
to staurosporine at the indicated concentrations, for 30 min, before the
addition of 125I-hGH (�150,000 cpm). For Herbimycin A, cells were
exposed to the indicated concentrations for 18 h, before the addition of
125I-hGH (31). The cells were in the continued presence of the drugs for
the duration of the hormone processing experiments. Vehicle was added
to control wells.

Immunofluorescence

Cells were grown to 30–50% confluence in 10% FBS-supplemented
Ham’s F-12 before being serum-deprived for 12 h. Cells were then incu-
bated for the indicated time periods with 50 nm of rGH, washed in serum-
free media, and subsequently fixed for 15 min in ice-cold 4% paraformal-
dehyde in PBS at the end of the respective time intervals. The cells were
permeabilized in 0.1% TX-100-PBS for 5 min, washed extensively with PBS,
and incubated for 1 h, with antirat GH antibody diluted to 1:1000 (1 �g /ml)
and antirat GHR (mAb 263) diluted to 1:50 (25 �g /ml). Cy3 conjugated goat
anti-guinea pig IgG, diluted to 1:500, and Rhodol green conjugated goat
antimouse IgG (Molecular Probes, Inc., Leiden, The Netherlands), diluted
to 1:100, were used, respectively, for detection. Controls were performed by:
1) omission of the primary antibody; 2) replacing the primary antibody with
the same protein concentration of preimmune mouse or rabbit serum; and
3) preincubation (24 h at 4 C) of anti rGH or mAb 263 with 50 �g/ml
recombinant hGH.

Trafficking of FITC-conjugated hormones

Because hGH-G120R exhibited partial agonist activity through the rat
GHR, we used a cell line stably transfected with a chimeric receptor
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containing the extracellular domain of the human receptor and the
transmembrane and intracellular domains of the rat receptor [Buffalo rat
liver (BRL)-hEC-GHR]. We have previously described that, in this cell
line, the hGH-G120R did not exhibit agonist activity and antagonized the
transcriptional activation induced by hGH (32). The cells were grown to
30–50% confluence on cover slips, starved for 12 h in Ham’s F12 serum-
free medium, and incubated for 0, 2, 5, 15, and 30 min with either
FITC-hGH-G120R (50 nm) or FITC-hGH (50 nm). Cells were washed with
PBS to remove unbound label and fixed for 30 min in 4% paraformal-
dehyde in PBS. After fixation, the cells were embedded in mowiol, and
confocal laser scanning microscopy (CLSM) was performed using the
LSM 410 system (Carl Zeiss, Göttingen, Germany). Controls of inter-
nalization and nuclear translocation included: 1) incubation at 4 C,
followed by acid wash; 2) incubation in BRL parental cell line; 3) com-
petition with 100-fold excess of unlabeled hGH or hGH-G120R; 4) pre-
incubation with 5m excess of mAb 263; and 5) use of unrelated FITC-
labeled BSA.

CLSM

All images were acquired with a Carl Zeiss LSM 410 confocal mi-
croscope equipped with laser sources, three separate detection channels
with their own pinhole detector, and a fourth detection channel for
differential interferential contrast (DIC) (Nomarski) transmitted light
scanning microscopy. The fluorescence images of Cyanin3 and Rhodol
green were collected sequentially on two different channels to avoid
cross-talk between fluorescence signals. Cyanin 3 fluorescence was ex-
cited with a 543-nm HeNe laser source. A 560-nm dichroic beam splitter
was used to separate laser excitation from emitted fluorescence; an
additional 590-nm long-pass filter was used, after the pinhole, to reject
nonspecific fluorescence. Rodhol green fluorescence was excited with a
488-nm Argon laser source. A 510-nm dichroic beam splitter was used
to separate laser excitation from emitted fluorescence; an additional 515-
to 545-nm band-pass filter was used, after the pinhole, to reject non-
specific fluorescence. The pinhole aperture was set to one Airy disk unit
for each channel. An image of the same field was recorded in DIC
transmitted light to facilitate the cell contour and nuclear contour de-
lineation in the further image analysis stage. Image averaging through
a recursive filter (Kalman filtering) was used for the acquisition of the
fluorescence images to improve the signal vs. noise ratio.

Image analysis of CLSM images

The gain setting for the acquisition of the confocal microscopic images
was not modified until examination of the entire experiment was com-
pleted. The parameters of image acquisition were carefully calibrated to
the individual point that exhibited the highest level of immunoreactiv-
ity. Ten image triplets (Cy3-Rhodol green-DIC) were recorded per ex-
perimental slide. These images were stored on a computer disk and
analyzed with a SAMBA 2005 image analysis system (SAMBA Tech-
nologies, Meylan, France). Dedicated software was developed for this
particular application. Briefly, the DIC image of a triplet was used to
interactively extract the contours of the cells and of the cell nuclei. From
these contours, the program built the binary masks of the cytoplasm and
of the nucleus of each cell. Then the Cy3 image was loaded. For each cell,
the fluorescence intensities (arbitrary unit) were measured using the
previously obtained binary mask: 1) inside the cytoplasm of each cell;
and 2) inside the nucleus of each cell. Two parameters were obtained:
the integrated fluorescence (that is, the sum of intensity values measured
within the mask); and the average fluorescence intensity [that is, the
integrated fluorescence divided by the area (in pixels) of the binary
mask]. Next, the Rhodol green image was loaded, and the same mea-
surements were made using the binary masks.

ELISA for hGH internalization and nuclear translocation

Subconfluent CHO-GHR1–638, CHO-GHR1–638 �297–311, and CHO-
GHR1–638 P300,301,303,305A cells were grown in 6-well plates. The cells
were starved overnight; incubated with 50 nm hGH for 5, 10, 15, 30, and
60 min at 37 C; and rinsed with cold PBS HCl (pH 3). Cytoplasmic and
nuclear extracts were prepared as described (24). The nuclear pellet was
resuspended in 3 vol lysis buffer [20% glycerol, 20 mm HEPES (pH 7.9),
420 mm NaCl, 1.5 mm MgCl2, 0.2 mm EDTA, 1 mm dithiothreitol, 0.1 mm

Na3VO4] and incubated on ice for 30 min. Nuclear extracts were col-
lected, and protein concentration was determined by the Bradford
method. Before the assay, the nuclear fraction was diluted in water to
reduce salt concentration. Nonspecific binding to the ELISA was esti-
mated by preparation of nuclear/cytoplasmic extracts from cells un-
stimulated with hGH. The amount of cytoplasmic and nuclear hGH was
calculated in triplicate, according to the manufacturer instruction and as
previously described (32).

Statistics

Data are expressed as the mean of normalized values from tripli-
cates � sem for a representative experiment. The degree of significance
of differences between groups is calculated using Student’s t test and
ANOVA (Statview, Alsyd, France), where appropriate, and set at P �
0.05. Values are considered significantly different from control when a
95% confidence interval (calculated by multiplying the sem by the t value
for the relevant degree of freedom) excludes 100%. Experimental values
are considered different from each other when their respective confi-
dence intervals do not overlap, and one asterisk denotes that the mean is
statistically different, at the 95% confidence level, from 100%.

Results
Effect of tyrosine kinase inhibitors on hormone
internalization and nuclear uptake in GHR cDNA
transfected cells

GH-stimulated tyrosine phosphorylation of cellular pro-
teins is mediated by the receptor association and activation
of JAK2 (3). The activity of this kinase and GH-stimulated
tyrosine phosphorylation has previously been demonstrated
to be inhibited by staurosporine (31). We used staurosporine
at concentrations that inhibit the activity of the associated
kinase (31), activation of STAT5 binding to SPI-GLE1 (33, 34),
and GH-induced phosphorylation and functions within the
cell (31, 35). We pretreated CHO-GHR1–638 cells for 30 min
at 37 C with 100 nm staurosporine and subsequently studied
the internalization, degradation, and nuclear translocation of
125I-hGH. The cells were incubated for a further 90 min at 37
C with 125I-hGH, in accordance with our previously pub-
lished data showing maximal or near maximal internaliza-
tion and nuclear translocation of hormone at this time when
125I-hGH was used. As shown in Fig. 1A, staurosporine
caused a slight, but not significant, decrease in cell surface
receptor and a slight, but not significant, increase in hormone
internalization. Interestingly, however, staurosporine
caused a significant decrease in hormone degradation and a
significant increase in hormone nuclear translocation/accu-
mulation (Fig. 1A). The increase in nuclear uptake with stau-
rosporine was dose-dependent, with increasing concentra-
tions of staurosporine resulting in increased accumulation of
125I-hGH in the nucleus (Fig. 1B). We also tested the effect of
another agent that has been reported to inhibit JAK2 kinase
activity (31). For this, the cells were pretreated with herbi-
mycin A at 1 �g/ml for 18 h at 37 C, as previously described,
before addition of 125I-hGH. Such treatment with herbimycin
A caused a large decrease in cell surface receptor expression
and, as a consequence, also caused a decrease in internal-
ization of hormone (Fig. 2). Degradation was slightly (but
significantly) decreased. The nuclear uptake or accumulation
of 125I-hGH was not significantly different, compared with
the vehicle-treated control. However, if the nuclear accumu-
lation of 125I-hGH is normalized to either the level of cell
surface receptor or the level of internalized hormone, then
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the nuclear accumulation of 125I-hGH, as a percentage of
internalized hormone, is higher in the herbimycin-A-treated
cells (Fig. 2).

Hormone internalization and nuclear translocation in cells
stably transfected with cDNA for GHR box 1 deletion
and mutation

To verify that internalization and nuclear translocation of
GH did not require tyrosine kinase activation, we examined
cell clones stably transfected with cDNA for two kinase ac-
tivation-deficient GHR mutations (26). The association and
activation of JAK2 requires the membrane proximal proline-
rich region of the receptor (28). GH is reported not to be able
to stimulate tyrosine phosphorylation of any cellular protein
in cells expressing either a deletion or mutation of this pro-
line-rich region (28). One mutation involved the deletion of
box 1 by removal of amino acids 297–311 of the receptor
(GHR1–638 �297–311). These cells were able to internalize GH
to the same extent as cells transfected with cDNA for WT
receptor (CHO-GHR1–638) (when normalized to total cell sur-
face receptor) (Fig. 3A). However, significantly less degraded
hormone was detected in the media from CHO-GHR1–638
�297–311 cells. The extent of nuclear translocation/accumu-

FIG. 1. A, Effect of staurosporine on cell surface receptor, hormone
internalization, hormone degradation, and hormone nuclear uptake
in CHO-GHR1–638 cells. Estimation of cell surface receptor, internal-
ized hormone, degraded hormone, and hormone nuclear uptake was
performed as described in Materials and Methods. Staurosporine was
used at a final concentration of 100 nM. Total added radioactivity
was approximately 150,000 cpm/well. Staurosporine values were nor-
malized to vehicle-treated control. In control experiments, total and
nonspecific binding for cell surface receptor were 7206 � 336 and
855 � 16; for hormone internalization, 5179 � 51 and 786 � 58; for
hormone degradation, 6932 � 377 and 793 � 41; and for nuclear
uptake, 1195 � 42 and 812 � 56 cpm, respectively. In staurosporine
experiments, total and nonspecific binding for cell surface receptor
were 7204 � 513 and 617 � 103; for hormone internalization, 4958 �
142 and 777 � 22; for hormone degradation, 5349 � 570 and 698 �
37; and for nuclear uptake, 1290 � 51 and 527 � 104 cpm, respec-
tively. Each point is the mean � SEM of triplicate estimations. *, P �
0.05; ***, P � 0.01 vs. control. The results shown are representative
of at least three experiments. B, Effect of staurosporine concentration
on the nuclear accumulation of 125I-hGH in CHO-GHR1–638 cells.
Estimation of hormone nuclear uptake was performed as described in
Materials and Methods. Staurosporine was used at the indicated
concentrations. Total added radioactivity was approximately 150,000
cpm/well. Staurosporine values were normalized to the level of nu-
clear uptake of 125I-hGH in vehicle-treated cells. In a control exper-
iment, total and nonspecific binding was 1274 � 49 and 823 � 200
cpm, respectively. In staurosporine experiments, total and nonspe-
cific binding were 1468 � 47 and 906 � 63 for 100 nM, 1536 � 154 and
802 � 133 for 500 nM, and 2131 � 144 and 963 � 97 for 1000 nM cpm,
respectively. Each point is the mean � SEM of triplicate estimations.
***, P � 0.01 vs. 0 nM staurosporine. The results shown are repre-
sentative of at least three experiments.

FIG. 2. Effect of 18-h incubation with Herbimycin A on cell surface
receptor, hormone internalization, hormone degradation, and hor-
mone nuclear uptake in CHO-GHR1–638 cells. Estimation of cell sur-
face receptor, internalized hormone, degraded hormone, and hormone
nuclear uptake was performed as described in Materials and Methods.
Total added radioactivity was approximately 150,000 cpm/well. Her-
bimycin A values were normalized to the vehicle-treated control. In
the control experiment, total and nonspecific binding for cell surface
receptor were 3916 � 366 and 673 � 59; for hormone internalization,
2333 � 482 and 683 � 16; for hormone degradation, 4098 � 65 and
517 � 31; and for hormone nuclear uptake, 347 � 96 and 100 � 17
cpm, respectively. In herbimycin A experiments, total and nonspecific
binding for cell surface receptor were 1822 � 197 and 305 � 43; for
hormone internalization, 1106 � 30 and 525 � 50; for hormone deg-
radation, 3667 � 193 and 412 � 37; and for hormone nuclear uptake,
284 � 95 and 80 � 17 cpm, respectively. Each point is the mean � SEM
of triplicate estimations. *, P � 0.05; ***, P � 0.01 vs. control. The
results shown are representative of at least three experiments.
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lation of 125I-hGH in CHO-GHR1–638 �297–311 cells was
greater than that observed for GHR1–638 cells, when normal-
ized to total cell surface receptor (Fig. 3A). The untransfected
parental cell line did not internalize nor nuclear translocate
125I-hGH to any significant extent (18). We also examined
internalization and nuclear translocation of 125I-hGH in cells
stably transfected with a receptor in which the individual
proline residues of box 1 were substituted for alanine (GHR1–
638 P300,301,303,305A). Cells stably transfected with cDNA
for this receptor showed a significant deficit in internaliza-
tion of 125I-hGH, when compared with CHO-GHR1–638 (Fig.
3A). Degradation of the hormone was also significantly de-
creased in CHO-GHR1–638 P300,301,303,305A cells, com-
pared with cells expressing the WT receptor. Nuclear trans-
location and accumulation were also significantly increased
in CHO-GHR1–638 P300,301,303,305A cells, compared with
CHO-GHR1–638 (Fig. 3A). Internalization and nuclear trans-
location of 125I-hGH in these experiments were measured at
a time point previously determined to represent maximal
effect (18). We next sought to determine whether nuclear
translocation in the box 1-deficient GHR was kinetically sim-
ilar to the WT receptor. As is evident from Fig. 3B, all three
cell lines display similar kinetics of 125I-hGH nuclear
translocation.

CLSM of GH nuclear translocation in cells stably
transfected with cDNA for GHR and receptor box 1 deletion
and mutation

We examined hormone internalization and nuclear trans-
location by quantitative analysis of CLSM in CHO-GHR1–638
(Figs. 4 and 5), CHO-GHR1–638 �297–311 (Figs. 6 and 7), and
CHO-GHR1–638 P300,301,303,305A cells (Figs. 8 and 9). We
have previously described that treatment of CHO-GHR1–638
cells with a more physiologically relevant dose of GH (50 nm
is the dose of GH required to obtain a maximal stimulation
of reporter activity in these cells) resulted in a more rapid and
transient nuclear translocation of GH (18) than that observed
with the low concentrations of 125I-hGH (as above). As
shown in Fig. 4 (A, D, G, J, M, and P), within 5 min of
exposure of CHO-GHR1–638 cells to 50 nm rGH, the cyto-
plasm was intensely immunoreactive for GH, with some
nuclear translocation already evident. Between 15 and 30
min, both the cytoplasm and nucleus were intensely labeled,
indicative of a very prominent hormone nuclear transloca-
tion. Sixty minutes after exposure to hormone, GH immu-
noreactivity decreased dramatically, being barely detectable
in either the cytoplasm or nucleus. This is presumably be-
cause the internalized hormone is rapidly degraded, or re-
secreted to the media via the Golgi apparatus, and the cell is
unable to further internalize hormone because of acute re-
ceptor down-regulation at the cell surface. Accordingly, con-
focal analysis of GHR immunoreactivity in CHO-GHR1–638
cells (Fig. 4; B, E, H, K, N, and Q) demonstrates that, after GH
exposure, immunoreactive GHR is redistributed over the
Golgi area and accumulated in the nucleus as previously
described (18). The nuclear translocation of the GHR was
transient and was not observed 15 min after GH stimulation.
Dual detection, showing colocalization of both GH and GHR
immunoreactivity (Fig. 4; C, F, I, L, O, and R), indicated that

FIG. 3. A, Hormone internalization, hormone degradation, and hor-
mone nuclear uptake in CHO-GHR1–638 cells and in cells lacking the
box 1 region (CHO-GHR1–638 �297–311) or possessing a mutated box
1 region (CHO-GHR1–638 P300,301,303,305A). Estimation of inter-
nalized hormone, degraded hormone, and hormone nuclear uptake
was performed as described in Materials and Methods. Hormone
internalization degradation and nuclear uptake were normalized to
the level of hormone internalization, degradation, and nuclear uptake
in CHO-GHR1–638 cells. Total added radioactivity was approxi-
mately 150,000 cpm/well. In GHR 1–638 cell line, total and nonspe-
cific binding for cell surface receptor were 3818 � 169 and 507 � 24;
for hormone internalization, 3490 � 93 and 788 � 28; for hormone
degradation, 6789 � 238 and 612 � 31; and for hormone nuclear
uptake, 1550 � 153 and 1054 � 215 cpm, respectively. In DELTA
297–311 cell line, total and nonspecific binding for cell surface re-
ceptor were 3017 � 166 and 411 � 16; for hormone internalization,
2917 � 189 and 325 � 47; for hormone degradation, 5249 � 153 and
756 � 37; and for hormone nuclear uptake, 1443 � 9 and 537 � 17
cpm, respectively. In P300,301,303,305A cell line, total and nonspe-
cific binding for cell surface receptor were 3081 � 239 and 366 � 59;
for hormone internalization, 2528 � 223 and 317 � 16; for hormone
degradation, 5127 � 147 and 635 � 29; and for hormone nuclear
uptake, 1924 � 196 and 811 � 49 cpm, respectively. Each point is the
mean � SEM of triplicate estimations. *, P � 0.05; **, P � 0.02; ***,
P � 0.01 vs. control. The results shown are representative of at least
three experiments. B, Kinetics of hormone nuclear uptake in CHO-
GHR1–638 cells and in cells lacking the box 1 region (CHO-GHR1–638
�297–311) or possessing a mutated box 1 region (CHO-GHR1–638
P300,301,303,305A). Estimation of hormone nuclear uptake was per-
formed as described in Materials and Methods. Results were gener-
ated by allocating the maximal nuclear uptake for each individual cell
line as 100%, and nuclear uptake was normalized to the maximal
nuclear translocation observed for each individual cell line. Total
added radioactivity was approximately 150,000 cpm/well Each point
is the mean � SEM of triplicate estimations. The results shown are
representative of at least three experiments.
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FIG. 4. Kinetics of GH and GHR internalization and nuclear translocation in CHO-GHR1–638 cells. CLSM analysis at 0, 1, 5, 15, 30, and 60
min after GH stimulation was performed as described in Materials and Methods. The localization of GH is shown in the left-hand column, GHR
in the middle column, and the dual localization (superimposed images) in the right-hand column. Magnification bar, 30 �m for all photographs.
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only a portion of GH was imported in the nucleus in a
complex form with its receptor. The time course of GH and
GHR internalization and nuclear translocation in CHO-
GHR1–638 was quantitatively analyzed in more detail.
Figure 5 summarizes the data from three independent ex-
periments. In agreement with the confocal images obtained
in Fig. 4, GH immunoreactivity in the cytoplasm gradually
increased during the first 15 min of exposure and then de-
creased to a very low level 60 min after exposure (Fig. 5A).
GH was also subject to a rapid nuclear translocation in CHO-
GHR1–638 cells that culminated 30 min after exposure and
was undetectable 60 min after exposure (Fig. 5B). Quantita-
tive analysis of GHR immunoreactivity distribution also
demonstrated that, 15 min after GH exposure, GHR accu-
mulated in the Golgi area (Fig. 5C) as well as in the nucleus
(Fig. 5D). Nuclear and perinuclear GHR immunoreactivity
progressively decreased after 15 min of GH exposure
(Fig. 5D).

We next examined the kinetics of hormone internalization
and nuclear translocation in both CHO-GHR1–638 �297–311
(Figs. 6 and 7) and CHO-GHR1–638 P300,301,303,305A (Figs.
8 and 9) cells to compare with the results obtained in CHO-
GHR1–638 cells (Figs. 4 and 5). The basic pattern of GH in-
ternalization and nuclear translocation for CHO-GHR1–638
�297–311 (Fig. 6; A, D, G, J, M, and P) at 1, 5, and 15 min were
identical to that observed for CHO-GHR1–638 cells. Thus,
internalization of hormone was rapidly achieved within 5
min, with a considerable degree of nuclear translocation. By
15 min, the maximal accumulation of GH in the nucleus
had been achieved. However, at 30 and 60 min, GH was
still present in significant quantity in the nucleus of CHO-
GHR1–638 �297–311, in contrast to CHO-GHR1–638, where
GH was almost totally absent from the nucleus at 60 min.
Thus, deletion of box 1, which prevents the association of

JAK2 to the GHR- and GH-induced tyrosine phosphoryla-
tion, resulted in increased nuclear accumulation of GH.
Confocal analysis of immunoreactive GHR in GHR1–638
�297–311 cells (Fig. 6; B, E, H, K, N, and Q) demonstrated an
accumulation in the cytoplasm, in the Golgi area, and in the
nucleus between 5 and 15 min of stimulation. After 15 min
of GH stimulation, nuclear GHR immunoreactivity slowly
decreased, and cytoplasmic GHR immunoreactivity re-
turned to basal levels (18). Interestingly, in GHR1–638 �297–
311 cells, the receptor was partially retained in the nucleus
15 min after GH stimulation, as compared with CHO-GHR1–
638 cells. Again, as indicated by the dual detection of both GH
and GHR immunoreactivity (Fig. 6; C, F, I, L, O, and R), GH
was partially imported into the nucleus in a complex form
with its receptor. Internalization and nuclear translocation of
GH and GHR in GHR1–638 �297–311 cells were also quan-
tified (Fig. 7, A–D). Maximal internalization of GH occurred
after 5 min (Fig. 7A), and was concomitant to the nuclear
accumulation of the hormone that culminated at 15 min, and
slowly decreased after that (Fig. 7B). However, compared with
CHO-GHR1–638, nuclear immunoreactivity of GH was still de-
tected at 30 and 60 min. GHR immunoreactivity was rapidly
redistributed over the cytoplasmic (Fig. 7C) and nuclear com-
partments (Fig. 7D). It is therefore apparent that GHR is rapidly
translocated and partially retained in the nucleus after GH
stimulation (Fig. 7D) of GHR1–638 �297–311 cells.

We also examined internalization and nuclear transloca-
tion of rGH in CHO-GHR1–638 P300,301,303,305A cells (Figs.
8 and 9). Basically, the pattern of rGH internalization and
nuclear translocation in these cells (Fig. 8; A, D, G, J, M, and
P) were very similar to that observed in CHO-GHR1–638
�297–311 (Fig. 6). The hormone was rapidly internalized,
within 15 min, and progressively accumulated in the nu-
cleus. Again in contrast to what was observed in CHO-

FIG. 5. Quantitative analysis of GH and
GHR cytoplasmic internalization and nuclear
translocation in CHO-GHR1–638 cells. GH and
GHR immunoreactivity were quantified as de-
scribed in Materials and Methods. The results
shown are representative of at least three ex-
periments.
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FIG. 6. Kinetics of GH and GHR internalization and nuclear translocation in cells lacking the box 1 region (CHO-GHR1–638 �297–311). CLSM
analysis at 0, 1, 5, 15, 30, and 60 min after GH stimulation was performed as described in Materials and Methods. The localization of GH is
shown in the left-hand column, GHR in the middle column, and the dual localization (superimposed images) in the right-hand column.
Magnification bar, 30 �m for all photographs.
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GHR1–638, GH immunoreactivity was still detected 60 min
after stimulation (Fig. 8P). Thus, box 1 mutation of the GHR
is accompanied by a prolonged presence of GH in the
nucleus. GHR is also subject to a nuclear translocation in
CHO-GHR1– 638 P300,301,303,305A cells (Fig. 8; B, E, H, K,
N, and Q). A portion of GH could possibly translocate to
the nucleus, into a bound form with the receptor, as in-
dicated by the double detection of both GH and GHR
immunoreactivity (Fig. 8; C, F, I, L, O, and R). Quantita-
tively, analysis of GH and GHR internalization and nu-
clear translocation in GHR1– 638 P300,301,303,305A cells
(Fig. 9, A–D) was also very similar to that observed in
CHO-GHR1– 638 �297–311 (Fig. 7, A–D).

Measurement of internalized and nuclear translocated
hormone by ELISA

The higher concentrations of rGH used for the confocal
analysis resulted in different hormone internalization kinet-
ics and accumulation of both cytoplasmic and nuclear GH.
Thus, we also examined the internalization and nuclear up-
take of 50 nm hGH in CHO-GHR1–638, CHO-GHR1–638 �297–
311, and CHO-GHR1–638 P300,301,303,305A cells by ELISA
assay. Figure 10 summarizes the data from three indepen-
dent experiments. In agreement with the confocal images
obtained in Figs. 4, 6, and 8, the quantity of internalized hGH
gradually increased, over 30 min of incubation, after which
it declined (Fig. 10A) in the three cell lines. hGH ELISA was
also performed on nuclear protein extracts from cells incu-
bated with 50 nm of hGH. In CHO-GHR1–638, the rapid in-
crease of nuclear hGH accumulation was followed by a slow
decrease, starting 15 min after stimulation (Fig. 10B). On the
other hand, nuclear accumulation of hGH was continuous
during the 60 min of incubation in CHO cells with the box

1 region mutated or deleted (Fig. 10B). Thus, we confirmed
that nuclear retention of a physiological concentration of
hGH is tyrosine-kinase-activity-dependent.

Staurosporine preferentially increases the nuclear
accumulation of nuclear-targeted hGH

To further verify that tyrosine kinase activity was in-
volved in the nuclear retention of GH, we examined the
effect of staurosporine on the transient expression of three
different hGH constructs (Fig. 11A) in parental CHO cells.
Parental-nonreceptor-containing cells were chosen so as
not to alter the desired location of the expressed hormones
within the cell. Cells were transiently transfected with
plasmids encoding WT hGH, hGH (but with the secretion
sequence removed) (XS-hGH), and hGH [with the secre-
tion sequence removed but with the addition of the nuclear
localization sequence of the SV40 large T antigen (NLS-
hGH)]. Characterization of these plasmids will be de-
scribed in detail in conjunction with an extensive func-
tional analysis [WT-hGH was detected by ELISA in media
and cytoplasm but not nucleus; XS-hGH was detected only
in cytoplasm; and NLS-hGH was detected predominantly
in the nucleus, with small amounts occasionally detected
in cytoplasm (presumably either nuclear leakage or newly
synthesized NLS-hGH)]. Thus, we could selectively target
hGH to either the cytoplasm or nucleus and examine, by
ELISA, the effects of staurosporine on the accumulation of
the hormone in the selected subcellular location (Fig. 11B).
Staurosporine treatment of cells transiently transfected
with the WT-hGH expression plasmid resulted in a 20%
increase in hGH within the cell (cytoplasm), as measured
by ELISA. No hGH was detected in the nucleus in the
absence or presence of staurosporine. However, because

FIG. 7. Quantitative analysis of GH and GHR
cytoplasmic internalization and nuclear trans-
location in cells lacking the box 1 region (CHO-
GHR1–638 �297–311). GH and GHR immuno-
reactivity were quantified as described in
Materials and Methods. The results shown are
representative of at least three experiments.
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FIG. 8. Kinetics of GH and GHR internalization and nuclear translocation in CHO cells possessing a mutated box 1 region (CHO-GHR1–638
P300,301,303,305A). CLSM analysis at 0, 1, 5, 15, 30, and 60 min after GH stimulation was performed as described in Materials and Methods.
The localization of GH is shown in the left-hand column, GHR in the middle column, and the dual localization (superimposed images) in the
right-hand column. Magnification bar, 30 �m for all photographs.
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staurosporine could potentially interfere with hGH secre-
tion, we also examined the effect of staurosporine on the
cytoplasmic accumulation of XS-hGH, which is not se-
creted from the cell. Again, staurosporine treatment of
cells transiently transfected with the XS-hGH expression
plasmid resulted in increased accumulation (32%) of
XS-hGH within the cytoplasm. No XS-hGH was detected
in the nucleus in the absence or presence of staurosporine.
We therefore proceeded to examine the nuclear accumu-
lation of NLS-hGH. Staurosporine treatment of cells tran-
siently transfected with the NLS-hGH expression plasmid
resulted in a dramatic increase in NLS-hGH in the nucleus
(121%). NLS-hGH level in the cytoplasm was close to
background. In a control experiment using an NLS-GHBP
plasmid construct, we did not find an increase of nuclear
GHBP retention under staurosporine treatment (data not
shown). Thus, inhibition of tyrosine kinase activity in the

cell results in preferential accumulation of nuclear local-
ized GH.

Involvement of GHR dimerization in hGH
nuclear translocation

To investigate the role of GHR dimerization in nuclear
translocation of hGH, we used the non-receptor-dimerizing
hGH antagonist, hGH-G120R, conjugated to FITC and com-
pared it with hGH-FITC. Cells containing the extracellular
domain of the human receptor and the transmembrane and
intracellular domains of the rat receptor were stimulated
with either hormone for 2 and 15 min. Confocal microscopic
analysis revealed that cytoplasmic internalization followed
the same spatial and temporal pattern for both hGH- and
hGH-G120R-labeled hormones (Fig. 12). Incubation for 2 min
in the presence of FITC-hGH or FITC-hGH-G120R resulted

FIG. 9. Quantitative analysis of GH and GHR
cytoplasmic internalization and nuclear trans-
location in cells possessing a mutated box 1 re-
gion (CHO-GHR1–638 P300,301,303,305A). GH
and GHR immunoreactivity were quantified as
described in Materials and Methods. The results
shown are representative of at least three ex-
periments.

FIG. 10. Kinetic cytoplasmic and nuclear
uptake of GH in CHO-GHR1–638 cells (-�-)
and in cells lacking the box 1 region (-f-)
(CHO-GHR1–638 �297–311) or possessing a
mutated box 1 region (-Œ-) (CHO-GHR1–638
P300,301,303,305A). Quantitative estima-
tion of GH in each compartment was per-
formed as described in Materials and Meth-
ods. Each point is the mean � SEM of three
ELISA estimations. The results shown are
representative of at least three experi-
ments.
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in accumulation of fluorescent label in the cytoplasm (Fig. 12,
A and B). At 15 min, we observed the maximal nuclear
accumulation of FITC-hGH in BRL cells (Fig. 12C). In con-
trast, FITC-hGH-G120R did not accumulate in the nucleus 15
min after stimulation (Fig. 12D) nor at longer time periods
(data not shown). The ELISA assay was also used to confirm
that nuclear translocation of hGH-G120R was impaired (data
not shown). Thus, we could demonstrate that cytoplasmic
internalization of the GH/GHR complex is not dependent on
receptor dimerization, whereas blocking GHR dimerization
is sufficient to impair nuclear translocation of GH.

Discussion

We have demonstrated that JAK2 activity and/or tyrosine
phosphorylation within the cell is not required for internaliza-
tion and nuclear translocation of GH. Previous reports also lend
credence that tyrosine kinase activity is not required for
internalization of GH. Thus, it has been demonstrated that int-
ernalization of GH is not energy-dependent (Ref. 5; own
unpublished observations), staurosporine does not inhibit
internalization of the GHR (36), and GHR with the same box 1
mutations as used here still internalize hormone (13). We have
confirmed and extended these observations to also demonstrate
that tyrosine phosphorylation is not required for the nuclear

translocation of GH. Thus, GH seems to use a distinct mech-
anism for internalization and nuclear translocation not shared
by the polypeptide ligands thus far studied (37). Kinase activity
has been reported to influence the nuclear translocation of pro-
teins in two ways. First, phosphorylation of serine and threo-
nine residues adjacent to the NLS significantly alters nuclear
import rates (37, 38); and second, kinase activity (particularly
PKC) increases the nuclear transport capacity (both import rate
and pore size) (39). Although these parameters are necessary for
nuclear translocation of growth factors like PRL (40, 41) and
�-fibroblast growth factor (42), neither seems to be involved in
the nuclear transport of GH. Indeed, no nuclear localization
sequence has yet been experimentally identified in either GH or
the GHR. Elucidation of the NLS of GH or its receptor should
facilitate further study of the mechanism of nuclear transloca-
tion of GH.

We report here that tyrosine phosphorylation is a negative
regulator of the accumulation of GH within the nucleus after
translocation. The mechanism by which GH is removed from
the nucleus and the role that tyrosine phosphorylation plays
are not known. There exist two possibilities; either the hor-
mone is degraded in situ or is reexported to the cytoplasm for
degradation or resecretion from the cell. It has been reported
that STAT1 is degraded within the nucleus as one mecha-
nism for its removal (43). This degradation requires the phos-
phorylation and subsequent ubiquitinylation of STAT1 for its
degradation by the proteasome. It has also been reported that
after GH stimulation, STAT5b complexes with JAK2 in the
nucleus and, subsequently, with the phosphotyrosine phos-
phatase SHP-1 (44). It is known that lysosomal degradation
of GH is energy-dependent (45), and inhibition of lysosomal
degradation of GH leads to increased nuclear accumulation
of GH (18). Such proteolytic degradation in the nucleus may
also be the case for the nuclear localized hGH targeted to the
nucleus with the SV40 large T-antigen. Further experiments
should determine whether nuclear extracts possess the ca-
pability to degrade GH and, in combination with microin-
jection studies in the presence of nuclear export inhibitors,
would clarify the final fate of nuclear GH.

It is interesting that PRL (46) and GH (this study) seem to
possess two different mechanisms for their internalization and
nuclear translocation. This is actually surprising, considering
the similarities in their receptor structure (4) and the fact that
hGH can act as a ligand for both the GH and PRL receptors (47).
The difference in the mechanisms must therefore lie with the
receptor molecule. Indeed, previous studies have suggested
considerable differences in the behavior of the receptor mole-
cules in the nucleus. The PRL receptor seems to be constitu-
tively localized in the nucleus (46, 48) (at least in some cells) and
does not undergo ligand-dependent nuclear translocation (49),
whereas the GHR undergoes a rapid and transient nuclear
translocation upon ligand stimulation (18). This difference is
further exemplified by the fact that PRL can activate both gene
transcription (50) and PKC (51) directly in the nucleus, in con-
trast to GH (22). We have been unable, so far, to find a direct
nuclear action for GH, presumably because the majority of the
receptor is dependent on ligand for its nuclear localization. This
would therefore preclude a direct GH action in nuclei isolated
from serum-deprived cells because of the paucity of receptor.
We have shown, however, that the majority of cellular JAK2 is

FIG. 11. Effect of staurosporine treatment of cells on the accumula-
tion of WT-hGH, cytoplasmic targeted hGH, and nuclear targeted
hGH. A, Structure of the NH2-terminal domain of hGH and the
modified forms of hGH. Shown are the residues �26 to 5 of the
precursor of the secreted form of hGH (WT-hGH), the sequence of hGH
lacking the secretion sequence (XS-hGH), and the sequence of hGH
where the NLS of the SV40 large T antigen has been substituted for
the secretion sequence (NLS-hGH). B, The level of hGH expression in
the presence or absence of 100 nM staurosporine in cells transiently
transfected with the respective hGH expression plasmids was mea-
sured by ELISA as described in Materials and Methods. The level of
expression of the hormone in the absence of staurosporine was des-
ignated to be 100% for each separate transiently transfected con-
struct. Each point is the mean � SEM of three estimations. The results
shown are representative of at least three experiments.
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localized to the nucleus and that GH stimulation of cells results
in the appearance of tyrosine-phosphorylated JAK2 in the nu-
cleus, without a change in the subcellular distribution of JAK2
(21). We (our manuscript in preparation) and others (52) have
also previously demonstrated that STAT molecules involved in
GH signal transduction possess a nucleocytoplasmic distribu-
tion in the absence of serum, suggesting that the JAK-STAT
pathway can also function directly in the nucleus.

The importance of the receptor in GH nuclear translocation
is demonstrated here by the use of the nonreceptor dimerizing
hGH antagonist, hGH-G120R, and suggest, for the first time,
that nuclear translocation of GH occurs in a complex with its
receptor. Although not required for GH endocytosis, it seems
that GHR dimerization is a prerequisite for GH nuclear trans-
location. Such a mechanism of control of translocation across
the nuclear membrane has been described for transcription
factors and protein kinases and correlates with changes in tran-
scriptional activity (53). Whether GHR dimerization-mediated
GH nuclear translocation has an impact on transcriptional ac-
tivity is under investigation, and recent work demonstrates that
nuclear localized GHBP is required for the full transcriptional
response to GH through the JAK-STAT pathway (21a). The
direct interaction between GH, GHR, and GHBP with tran-

scription factors could provide a mechanistic basis for the func-
tion of GH in the nucleus. Indeed, retrotransport of PRL-
cyclophilin B complexes in the nucleus of Nb2 cells and its
interaction with STAT5 have recently been demonstrated to act
as a strong transcriptional inducer of STAT5 activity (50). Iden-
tification of GH nuclear targets clearly represents an important
challenge for future studies, as recently demonstrated in
chicken, where the direct interaction between a herpes virus
protein and GH was correlated to T cell cancer resistance (54).

In conclusion, we have demonstrated that tyrosine phos-
phorylation is not required for internalization and nuclear
translocation of growth hormone but is pivotal for the removal
of GH from the nucleus, and that GHR dimerization promotes
GH nuclear translocation. This raises the possibility of a novel
mechanism for nuclear translocation/accumulation used spe-
cifically by GH and not other polypeptide ligands.
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FIG. 12. Role of receptor dimerization in nuclear translocation of GH. Serum-deprived cells were treated with either 50 nM hGH-FITC (A and
C) or 50 nM hGH-G120R-FITC (B and D) for 2 or 15 min. CLSM was performed as described in Materials and Methods. Rapid cytoplasmic
internalization of both hGH-FITC and hGH-G120R-FITC occurred 2 min after stimulation (A and B). hGH-FITC is localized in the perinuclear
region and in the nucleus (C), whereas hGH-G120R-FITC accumulated in the cytoplasm and is absent from the nucleus (D), 15 min after
stimulation. The results shown are representative of at least three experiments. Magnification bar, 50 �m for all photographs.
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