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a b s t r a c t
Previously, we identiﬁed a clathrin-dependent slow endocytosis and a clathrin-independent fast endocytosis in pancreatic b cells, both triggered by elevated cytoplasmic Ca2+ concentration. In the current study,
we attempted to explore the roles of different dynamin isoforms in these endocytotic processes. We ﬁrst
conﬁrmed the existence of both neuron-speciﬁc dynamin 1 and ubiquitous dynamin 2 in INS-1 cells using
both quantitative RT-PCR and Western blot experiments. By speciﬁcally knocking down the endogenous
level of either dynamin isoform from INS-1 cells, we showed that dynamin 1 and dynamin 2 simultaneously participate in the clathrin-independent and -dependent membrane retrieval in pancreatic b cells.
Transferrin internalization was also inhibited in cells with knock down of both dynamin 1 and dynamin 2.
Based on these results, we argue that different dynamin isoforms play overlapping roles in different types
of endocytosis.
Ó 2008 Elsevier Inc. All rights reserved.

In neurons and endocrine cells, portions of the plasma membrane are retrieved following two kinetically different endocytic
pathways [1,2]: a slow membrane retrieval that is believed to be
a clathrin-dependent process and a fast retrieval that is clathrinindependent [3–5]. The identity of this fast endocytosis remains
very controversial, and is proposed to be either ‘‘kiss and run” or
‘‘bulk endocytosis” [4,6–10]. Its physiological signiﬁcance is also
elusive due to a lack of molecular methods to speciﬁcally perturb
this endocytic pathway.
One crucial component of the endocytic machinery is the protein that injects energy into a lipid–protein system to separate
the vesicle from the plasma membrane during scission. Dynamin
was ﬁrst isolated in 1989, and has been known to play this role
for more than a decade [11]. It also plays an indispensable role
in the clathrin-independent endocytic process in a variety of
cells [3–5]. The conventional dynamin superfamily includes three
dynamins: a brain-enriched dynamin 1 (Dyn1) that is concentrated in the presynapse, a ubiquitously expressed dynamin 2
(Dyn2) and dynamin 3 (Dyn3) that is found in the testis and
post-synaptic locations [12,13]. Therefore, different dynamins
may regulate distinct endocytic processes based on their different distribution proﬁles. In agreement with this hypothesis, Artalejo et al. [11] showed that injection of an antibody against
brain-enriched Dyn1 in chromafﬁn cells exclusively ablated
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depolarization-induced fast membrane retrieval, while slow,
clathrin-dependent endocytosis was speciﬁcally inhibited by
the intracellular perfusion of a Dyn2 antibody [3]. However, it
is unclear whether such distinct functionalities are ubiquitously
applicable, since expressing dominant negative forms of either
Dyn1 or Dyn2 inhibits clathrin-dependent transferrin internalization in HeLa cells [14]. Moreover, the interpretations of both
studies were compromised due to the possibly non-speciﬁc effects induced by their manipulations. Therefore, we decided to
dissect the function of Dyn1 and Dyn2 in another cell type using
more speciﬁc RNA interference method.
As an endocrine cell, pancreatic b cells release insulin in response to food uptake and tightly controlled blood glucose,
whereas abnormal insulin secretion is associated with both type
1 and type 2 diabetes [15]. In a previous study, we identiﬁed
two types of endocytosis in pancreatic b cells stimulated by
UV ﬂash-photolysis-induced, homogeneous Ca2+ elevation. We
identiﬁed fast endocytosis as a novel clathrin-independent but
actin-dependent membrane retrieval process [4]. All dynamins
have a proline-rich domain (PRD) that interacts with numerous
actin-related proteins [16], and dynamin is a major link between the actin polymerization and the endocytic machinery
[17]. It is possible that the dependence of fast endocytosis on
actin is due to the different interactions between actin-associated proteins and different domains of either Dyn1 or Dyn2
[18,19]. Therefore, by measuring fast and slow endocytosis in
cells in which either of the dynamin isoforms has been knocked
down, pancreatic b cells represent an ideal model for us to test
this theory.
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Materials and methods
Cell culture and transfection. INS-1 insulinoma cells were cultured and transfected as described previously [20]. Seventy-two
hours after transfection of shRNA vectors, cells were detached
using trypsin–EDTA and transferred onto poly-L-lysine-coated
coverslips.
RNA interference. The Dyn1-EGFP and Dyn2-mRFP vectors were
obtained as described previously [4]. Small hairpin oligonucleotides (shRNAs) against the heavy chain of Dyn1 and Dyn2 were designed and cloned into the BamHI–HindIII sites of the pRNAT-H1.1/
mRFP or pRNAT-H1.1/EGFP vector [21]. We designed four shRNA
sequences targeting each gene and selected the most effective ones
by Western blotting. They were: GGAAATGGAACGAATTGTG for rat
Dyn1, and GTACAAGGATGAAGAGGAA for Dyn2, respectively.
Mouse monoclonal antibodies were used against Dyn2 (BD Pharmingen, San Diego, CA), and a rabbit polyclonal antibody was used
against Dyn1 (Afﬁnity BioReagents, Golden, CO) in a diluted form
(1:500). b-Actin antibody (Sigma, St. Louis, MO, 1:2000) was used
as a control. Western blot experiments were conducted as previously described [4].
RNA isolation and quantitative RT-PCR analysis. INS-1 cells,
mouse brain and HEK293 cells were homogenized using a Mixer
Mill MM 300 (Qiagen, USA). RNA was isolated following the
RNeasy mini kit protocols (Qiagen Inc.) and transcribed into single-stranded cDNA using M-MLV reverse transcriptase (Stratagen,
USA) with oligo (dT)18 primers (Sangon, Shanghai, China). Realtime PCR analysis was performed using an MX-3000P Real-time
PCR Instrument (Stratagen, USA) with GMRS001 Real-time PCR
universal Master Mix (GenePhama, Shanghai, China). The primer
sequences are shown in Table S1. Gene expression was quantiﬁed
using the Comparative CT Method [22]. In brief, we deﬁned DCT as
the CT of the target gene subtracted from the CT of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
We further calculated DDCT as the result of averaged DCT of samples subtracted from the averaged DCT of corresponding genes in
INS-1 cells. Assuming a 100% PCR ampliﬁcation reaction, we deﬁned the ratio of the sample gene expression level relative to the
INS-1 cells as 2 DDC T .
Electrophysiology. Standard whole-cell recordings were conducted using an EPC-10 patch-clamp ampliﬁer (HEKA, Lambrecht,
Germany). Extracellular solution contained the following (in
mM): NaCl 130, KCl 2.8, MgCl2 1.2, Glucose 5, Hepes 10, TEA-Cl
20, CaCl2 2.6, with pH 7.2. The whole-cell pipette solution contained the following (in mM): CsGlu 110, DMNP–EDTA 5, NaCl 8,
CaCl2 3.6, MgATP 2, GTP 0.3, Hepes 37, and fura-6F 0.2 with pH adjusted to 7.2 using CsOH or HCl. UV-photolysis and membrane
capacitance recordings were performed as described previously
[20].
Capacitance traces were analyzed as detailed in a previous report [4]. In brief, we ﬁtted the evoked capacitance decay with
either a single exponential function, f(t) = A0 A1  (1 exp(
(t s0)/s1)) or a double exponential function, f(t) = A0
A1  (1 exp( (t s0)/ s1)) A2  (1 exp( (t s0)/s2)), depending on the best quality of the ﬁt. A1 and A2 represented the amplitude of the fast and slow endocytosis, while s1 and s2 were time
constants of them. We further divided the amplitudes of both fast
and slow endocytosis by the amplitude of prior exocytosis, then
normalized to the averaged value in the control cells, and ﬁnally
summarized as histograms.
Confocal microscopy. To measure transferrin (Tf) internalization, control cells and cells transfected with different shRNAs were
bathed in a normal solution containing either Alexa 488- or 568conjugated Tf (35 lg/ml) at 37 °C for 40 min. All cells were subsequently rinsed, ﬁxed, and observed using confocal microscopy (Flu-

oview500; Olympus, Japan). The ﬂuorescence of internalized
puncta from different Z sections were integrated in ImageJ (NIH)
as described previously [4].
Data analysis. All data were analyzed using Igor Pro software
(Wavemetrics, Lake Oswego, OR). Averaged results are presented
as mean values ± SEM with the number of experiments indicated.
Statistical signiﬁcance was evaluated using Student’s t-test, and
asterisks , , and  denote statistical signiﬁcance with p-values
less than 0.05, 0.01, and 0.001, respectively.
Results
Identiﬁcation of Dyn1 in INS-1 cells
In the ﬁrst systematic proﬁling of tissue location of different
dynamins, Dyn1 was found to be exclusively in the brain and neurons but was absent from organelles, such as the heart, kidney, liver, and pancreas [23]. Although Dyn1 was proposed to function in
endocytosis in insulin-secreting cells [24], whether it exists is in
these cells is unknown. To address this question, we ﬁrst used
real-time quantitative reverse transcription PCR (RT-PCR) to quantify relative mRNA contents of Dyn1 and Dyn2 in INS-1 cells compared to those in human HEK293 cells and the mouse brain. A
sample plot of ampliﬁcation of the GAPDH gene from INS-1 cells
was shown in Fig. S1, in which the CT value could be determined
as the cycle when the ﬂuorescence crossed the threshold from each
ampliﬁcation trace. Averaged DCT Dyn1 from INS-1 cells was
17.04 ± 0.35 (n = 3), which was much higher than DCT Dyn1 ob-

Fig. 1. Identiﬁcation of Dyn1 and Dyn2 in INS-1 cells. (A) The expression ratios
relative to the GADPH from different preparations were plotted from the data listed
in Table S1. The ratio of Dyn1 in mouse brain and Dyn2 in HEK293 cells is not
completely shown in the plot in order to better visualize differences among ratios
from different cells. (B) Western blotting was performed on protein extracts from
105 HEK293 cells, CHO cells, INS-1 cells and mouse brain cells with antibodies
against either Dyn1 or Dyn2. Dyn1 was enriched in brain extracts but was absent
from HEK293 and CHO cells. Abundant Dyn2 was detected in HEK293 cells but was
not found in CHO cells or brain samples. However, both Dyn1 and Dyn2 were
robustly detected in INS-1 cells. The ﬁgure is indicative of two individual
experiments.
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tained from mouse brain (0.49 ± 0.11, n = 3, p < 0.001) but was signiﬁcantly less than that from HEK293 cells (21.83 ± 0.65, n = 3,
p < 0.01). In parallel, averaged DCT Dyn2 was largest from mouse
brain, smallar from INS-1 cells and smallest from HEK293 cells
(Table S2). Subsequently, we quantiﬁed the ratio of Dyn1 and
Dyn2 expression levels relative to those genes in INS-1 cells. After
normalization, as shown in Table S2 and Fig. 1A, we found that
Dyn1 was enriched in the mouse brain and Dyn2 was most abundantly expressed in HEK293 cells. Furthermore, the relative
expression ratios of Dyn1 and Dyn2 in INS-1 cells were intermediate between those of the brain and HEK293 cells, reﬂecting the
existence of both Dyn1 and Dyn2 mRNA in INS-1 cells.
Next, we tried to determine protein levels of Dyn1 and Dyn2 in
INS-1 cells using Western blot experiments. As shown in Fig. 1B,
abundant Dyn1 protein was found in brain extracts, while no
Dyn1 was detected in either HEK293 or CHO cells. In contrast,
Dyn2 was abundant in HEK293 cells but was much less enriched
in the mouse brain. These results agreed with a previous report
[23] and conﬁrmed the speciﬁcity of the antibodies used. Moreover, in agreement with the RT-PCR experiment, robust Dyn1 and
Dyn2 protein expression was detected by these antibodies in INS-1
cells (Fig. 1B). Based on these experiments, we conclude that both
Dyn1 and Dyn2 are expressed in insulin-secreting INS-1 cells.
Reducing either dynamin isoform affects both fast and slow
endocytosis
To address whether different dynamins were involved in distinct endocytosis, we tried to reduce endogenous Dyn1 or Dyn2
expression in INS-1 cells through a gene silencing technique. We
generated shRNAs that signiﬁcantly reduced corresponding gene
expression (Fig. 2A), but did not affect the expression of the other
isoform (Fig. S2). Homogeneously elevating [Ca2+]i to a high level
(>10 lM) by controlled photolysis led to cells exhibited one or
two components of capacitance decay shortly after exocytosis, as
showed previously [4]. Reducing Dyn1 expression resulted in an
inhibition of fast capacitance decay to 36 ± 7% compared to control

Fig. 3. Inhibition of Tf internalization by Dyn1 or Dyn2 knockdown in INS-1 cells.
(A) Control cells expressing the empty pRNAT-H1.1 vector (left) and cells transfected with Dyn2 shRNA (right) were incubated in a solution containing Alexa-568 Tf
(35 lg/ml) at 37 °C for 40 min. Example images captured at the middle focal plane
are shown here. (B) Control cells (left) and cells transfected with Dyn2 shRNA (right) were incubated in a solution containing Alexa-488 Tf (35 lg/ml) at 37 °C for
40 min. Example images captured at the middle focal plane are shown here. (C)
Internalized Tf ﬂuorescence was integrated from different Z planes, normalized to
the internalization of Tf in control cells and summarized here. Knocking down
either Dyn1 or Dyn2 signiﬁcantly inhibited Tf internalization, and asterisks 
denote statistical signiﬁcance (p < 0.001) as compared to control.

Fig. 2. Dyn1 and Dyn2 simultaneously participate in Ca2+-evoked fast and slow
endocytosis. (A) Cells were transfected with shRNAs against Dyn1 (left) and Dyn2
(right), respectively. (B) Averaged Ca2+-evoked capacitance dynamics in control cells transfected with the empty vector (dark, n = 42), shRNA against Dyn1 (blue,
n = 29) and Dyn2 (red, n = 33) for 72 h. (C) Effects of knocking down Dyn1 and Dyn2
on fast and slow endocytosis, respectively. Asterisks ,  and  denote statistical
signiﬁcances. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

cells expressing the H1.1 vector alone (p < 0.01). However, the slow
component was slightly but signiﬁcantly inhibited as well
(74 ± 10%, p < 0.05). On the other hand, knocking down Dyn2 also
inhibited both the slow (47 ± 7% of the control, p < 0.05) and the
fast endocytosis (59 ± 9% of the control, p < 0.001) (Fig. 2B and C).
As we have previously established that fast and slow endocytosis
represent clathrin-independent and -dependent endocytosis,
respectively [4], we conclude that both Dyn1 and Dyn2 are likely
to play redundant roles in these endocytic processes.
Participation of both Dyn1 and Dyn2 in Tf endocytosis
The endocytosis we measured was activated by enhanced Ca2+
elevation, which was probably a result of vesicle recycling. To
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further probe whether other types of endocytosis were similarly
affected or not, we tested the effects of our shRNAs on the internalization of a conventional marker, Tf. Since shRNAs against Dyn2
were tagged with mRFP and shRNAs against Dyn1 were tagged
with EGFP, Tf conjugated to probes with different colors were used
and different control experiments were performed. After incubating cells with Alexa-488/568 Tf for 40 min, massive internalization
was seen in control cells expressing the empty pRNAT-H1.1 vector
(Fig. 3A and B). In contrast, cytoplasmic Tf ﬂuorescence was reduced in cells transfected with shRNAs against either Dyn1 or
Dyn2. After data pooling and normalization of cells with knocked
down Dyn1 expression, Tf internalization was quantiﬁed and
found to be 41 ±12% (p < 0.001) of the endocytosis seen in control
cells, whereas the endocytosis was reduced to 46 ± 6% (p < 0.001)
of the control in cells expressing shRNAs against Dyn2 (Fig. 3C).
As Tf internalization is a gold-standard measurement of clathrindependent endocytosis, this result further veriﬁes an overlapping
role of Dyn1 and Dyn2 in pancreatic b cells.
Overexpressed Dyn1 colocalizes with Dyn2 in INS-1 cells in vivo
It was shown previously that different isoforms of dynamin
exhibited differential distribution [23]. However, the colocalization
between Dyn1 and Dyn2 was not directly compared in that study.
Using confocal microscopy, we examined co-localization of Dyn1
and Dyn2 in quiescent INS-1 cells co-transfecting both Dyn1-EGFP
and Dyn2-mRFP. As shown in Fig. 4, most Dyn1 and Dyn2 were
found to be colocalized in puncta. Therefore, we argue that Dyn1
and Dyn2 may spatially reside in close proximity to perform overlapped functions.
Discussion
Since Dyn1 is most abundantly found in neuronal and endocrine
cells [23], it is hypothesized that Dyn1 speciﬁcally regulates the rapid recycling of secretory vesicles, and Dyn2 regulates the slow
recycling [3]. The sequence identity between Dyn1 and Dyn2 is
highly conserved, with only about 20% of the sequences being
divergent from one another. However, among all the domains possessed by dynamin, the PRD domains from Dyn1 and Dyn2 exhibit
the most signiﬁcant differences in sequence (only 52% homology)
[25]. Since the PRD domain plays a crucial role in mediating the
interaction of dynamin with various proteins that contain the Src
homology (SH3) domain [12], this divergence may contribute to
the tissue- and cell-speciﬁc function of different dynamins. In fact,
different protein interaction sites are predicted for the PRD domain
of Dyn1 and Dyn2 [26]. For example, there were two intersectinbinding sites in the PRD domain of Dyn1, while only one site existed in Dyn2. Using surface plasmon resonance technique, it was

shown thereafter that the SH3 domain of membrane curvature
sensor, amphiphysin, bound to the isolated PRD domains of Dyn1
and Dyn2 with different afﬁnities [26]. Moreover, it is directly
demonstrated that the Dyn1 is dephosphorylated at Ser-774 after
depolarization in neurons in vivo [18]. This dephosphorylation site
is crucial to its interaction with syndapin I and is absent from the
PRD domain of Dyn2, indicating a clear difference between Dyn1
and Dyn2 in interacting with syndapin I [18]. On top of these
experiments, intracellular injection of the pleckstrin homology
(PH) domain of Dyn1 speciﬁcally inhibited the fast endocytosis in
adrenal chromafﬁn cells, while it was not affected by the PH domain of Dyn2 [19]. In agreement with all these ﬁndings, we found
that endogenous Dyn1 was preferentially used in fast as compared
to slow endocytosis, while the reverse was true for Dyn2 (Fig. 2).
This also ﬁts with the results of our previous total internal reﬂection (TIRF) microscopy experiments, where overexpressed Dyn1
was more likely to be recruited to the clathrin-independent endocytic sites in vivo, while the overexpressed Dyn2 was more often
associated with clathrin-associated pits [4].
Despite these distinct functional preferences of Dyn1 and Dyn2,
we showed that they performed overlapping roles to some extent
in different types of endocytosis. In contrast to the speciﬁc inhibition of fast endocytosis induced by the intracellular perfusion of
Dyn1 antibody or inhibitory peptide in chromafﬁn cells [3,19],
reducing the endogenous level of Dyn1 but not Dyn2 through
RNA inference affected both fast and slow endocytosis. Moreover,
reducing endogenous levels of either Dyn1 or Dyn2 reduced internalization of Tf in pancreatic b cells, which is a bona ﬁde clathrindependent process. Although we cannot completely rule out effects
due to non-speciﬁc reduction of other proteins induced by our RNA
interference experiments, the electrophysiological data coincides
with our previous optical experiments; that is, physiologically relevant stimulation recruited both overexpressed Dyn1 and Dyn2
proteins to clathrin-coated pits in live cells [4]. Different cell types
could contribute to these different phenomenons observed. Alternatively, antibodies are prone to have non-speciﬁc effects, and
intracellular perfusion of a domain of the protein leads to interactions that are absent in the full-length protein [18]. During vesicle
ﬁssion, dynamins are required to form oligomers to recruit accessory proteins and perform the scission. In our study, we showed
good colocalization of overexpressed Dyn1 and Dyn2 (Fig. 4),
which implies a possible hetero-assembly of Dyn1 and Dyn2 as
proposed previously [14]. Nevertheless, we argue that such spatial
proximity of different dynamins makes a clean functional separation of these isoforms unlikely. Indeed, overexpressing Dyn2 partially rescued the endocytic blockade during stimulation in
synapses from mice knock outs of Dyn1 [27], indicating some extent of functional interchangeability of Dyn1 and Dyn2. From an
evolutionary point of view, only one conventional dynamin iso-

Fig. 4. Colocalization of Dyn1 and Dyn2 overexpressed in INS-1 cells in vivo. The INS-1 cell was co-transfected with Dyn1-EGFP and Dyn2-mRFP and observed under a
confocal microscope. Only the middle focal plane of the cell is shown here, and the image is representative of 10 similar experiments.
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form is found in both Drosophila and Caenorhabditis elegans [17].
However, both fast and slow synaptic vesicle recycling pathways
are present in the retinula synapses of Drosophila [28], and enhanced Ca2+ elevation evokes two phases of endocytosis in ALA
neurons from C. elegans [29]. This further supports our argument
that Dyn1 and Dyn2 play redundant roles in different endocytic
processes in vivo, and a clean dissection of distinct vesicle recycling
pathways by different dynamin isoforms is not applicable. Therefore, ﬁnding other molecules exclusively used in clathrin-independent endocytosis will be the aim of future studies.
In summary, although there are preferences for using either
Dyn1 or Dyn2 in clathrin-dependent and -independent endocytosis, we believe that, to a large extent, Dyn1 and Dyn2 perform overlapping roles in pancreatic b cells in vivo. Clean dissection and
functional evaluation of the clathrin-independent endocytic pathway awaits further exploration.
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