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Abstract
Cytoplasmic dynein plays important roles in mitosis and the intracellular transport of organelles,
proteins, and mRNAs. Dynein function is particularly critical for survival of neurons, as mutations
in dynein are linked to neurodegenerative diseases. Dynein function is also implicated in neuronal
regeneration, driving the active transport of signaling molecules following injury of peripheral
neurons. To enhance our understanding of dynein function and regulation in neurons, we
established a novel knock-in mouse line in which the neuron-specific cytoplasmic dynein 1
intermediate chain 1 (IC-1) is tagged with both GFP and a 3xFLAG tag at its C-terminus. The
fusion gene is under the control of IC-1’s endogenous promoter and is integrated at the
endogenous locus of the IC-1-encoding gene Dync1i1. The IC-1-GFP-3xFLAG fusion protein is
incorporated into the endogenous dynein complex, and movements of GFP-labeled dynein
expressed at endogenous levels can be observed in cultured neurons for the first time. The knock-
in mouse line also allows isolation and analysis of dynein-bound proteins specifically from
neurons. Using this mouse line we have found proteins, including 14-3-3 zeta, which physically
interact with dynein upon injury of the brain cortex. Thus, we have created a useful tool for
studying dynein function in the central nervous system under normal and pathologic conditions.

Introduction
Cytoplasmic dynein plays a variety of roles in the cell ranging from mitosis to the transport
of many cellular cargoes such as organelles/vesicles, proteins and mRNAs [Karki and
Holzbaur 1999; Kardon and Vale 2009; Vaughan 2011; Moore and Cooper 2010; Vallee et
al., 2012]. The function of cytoplasmic dynein is especially important for the survival of
neuronal cells, and defects in dynein and its accessory complex, dynactin, are linked to
neuron degeneration [LaMonte et al., 2002; Heerssen et al., 2004; Munch et al., 2004; Puls
et al., 2003; 2005; Chen et al., 2007; Lai et al., 2007; Lambrechts et al., 2007; Chevalier-
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Larsen et al., 2008; Cosker et al., 2008; Ilieva et al., 2008; Perlson et al., 2010; Banks et al.,
2011; Weedon et al., 2011; Harms et al., 2012]. Dynein transports a variety of cargoes in
neurons including short microtubules, mitochondria, endosomes, autophagosomes, and prion
protein vesicles [Bass and Buster 2004; Ha et al., 2008; Zhang et al., 2009; Pandey and
Smith 2011; Yi et al., 2011; Encalada et al., 2011; Maday et al., 2012; Sheng and Cai 2012;
Zhou et al., 2012; Mitchell et al., 2012], but how dynein interacts with all these cargoes
requires further study [Akhmanova and Hammer 2010; Vallee et al., 2012]. Moreover,
dynein has also been implicated in cellular responses to neuronal injury. Upon axonal injury
of peripheral neurons, dynein is involved in transporting injury signaling molecules toward
the nucleus, a process implicated in neuronal regeneration [Cavalli et al., 2005; Perlson et
al., 2005; Abe and Cavalli 2008; Perlson et al., 2010]. Whether this happens in the central
nervous system is unclear and deserves to be further studied.

Cytoplasmic dynein is a complex of multiple proteins including heavy chains (HCs),
intermediate chains (ICs), light intermediate chains (LICs) and light chains (LCs) [Pfister et
al., 2005]. The two HCs form a homodimer whose motor heads are responsible for ATP-
hydrolysis-coupled motility along microtubules [Karki and Holzbaur 1999; Reck-Peterson et
al., 2011; Höök and Vallee 2012]. The HCs of cytoplasmic dynein 1, the major form of
cytoplasmic dynein in mammalian organisms, are encoded by a single gene in mammalian
genomes [Pfister et al., 2005]. Because it is required for many cellular tasks, it was not
surprising that homozygous knockout of dynein HC results in an embryonic lethal
phenotype [Harada et al., 1998]. The ICs bind to the tail of the HCs [Habura et al., 1999;
Tynan et al., 2000], and the ICs are known to bind the dynactin complex important for
dynein function in cells [Karki and Holzbaur 1995; Vaughan and Vallee 1995; Plamann et
al., 1994; Schroer 2004; Kim et al., 2007; Moore et al., 2009; Zhang et al., 2011; Lloyd et
al., 2012; Moughamian and Holzbaur 2012; Yeh et al., 2012]. There are two cytoplasmic
dynein 1 IC genes in the mouse, rat and human genomes [Vaughan and Vallee 1995; Pfister
et al., 2005]. In mice, one gene encodes for IC-1 whose expression is only detected in brain,
testis and ovary [Kuta et al., 2010], and another gene encodes for IC-2 whose expression is
detected in all tissues [Kuta et al., 2010]. In the brain, IC-1 appears to be expressed
specifically in neurons, while IC-2 is expressed in both neurons and glia [Pfister et al., 1996;
Ha et al., 2008].

Despite the importance of cytoplasmic dynein in neurons, tools for studying neuronal dynein
have been limited. For example, there has never been a mouse line in which fluorescence-
labeled dynein expressed at its endogenous level can be visualized in neurons. In addition, it
has been difficult to isolate neuronal proteins that bind to dynein in response to brain injury
or under other pathogenic conditions. Here we have created the first dynein-GFP knock-in
mouse line in which the neuron-specific dynein IC-1 is tagged with GFP and 3xFLAG at its
C-terminus, and the expression of the IC-1-GFP-3XFLAG fusion is under the control of
IC-1’s endogenous promoter. This line should become a very useful tool for the neuronal
cell biology community, as it will allow investigators to visualize GFP-labeled dynein in
neurons and identify neuronal dynein-bound proteins under various physiological,
pathological and pathogenic conditions.

Results
Establishing a homozygous knock-in line of mice in which the dynein IC-1 is tagged with
GFP and a 3xFLAG affinity tag

The gene that encodes the IC-1 of cytoplasmic dynein 1 is called Dync1i1 [Pfister et al.,
2005]. It is located on chromosome 6 and contains 17 exons. A knock-in strategy was used
to insert the GFP tag and the 3xFLAG tag right before the stop codon in the middle of exon
17 of the endogenous Dync1i1 locus (Figure 1A). The knock-in mouse line was created as
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described in Materials and Methods. Information on the genomic DNA sequence of the
knock-in allele of Dync1i1 is presented in Figure S1, and that of the endogenous Dync1i1
allele is presented in Figure S2. Heterozygous mice were crossed to obtain homozygous
knock-in mice. Heterozygous mice were verified by both PCR and Southern blot analyses; a
PCR-based strategy was used to screen for homozygous progeny (Figure 1B). Primers used
for PCRs as well as the stop codon are highlighted in Figure S1 and Figure S2. This pair of
primers should generate a 0.2-kb product from the endogenous allele and a 1-kb product
from the knock-in allele. In the homozygous knock-in mice, only the 1-kb product was
generated (Figure 1B), demonstrating that the endogenous allele had been replaced by the
knock-in allele.

Homozygous mice were also analyzed by western blot. Total brain extract isolated from
either wild type or homozygous mice was probed with several different antibodies. The anti-
GFP antibody recognized the ~100-kDa IC-1-GFP-3xFLAG fusion protein in the
homozygous sample but not in the wild type sample (Figure 1C). When probed with the
IC-1-specific antibody [Mitchell et al., 2012], the ~100 kDa IC-1-GFP-3xFLAG fusion but
not the ~75 kDa endogenous IC-1 protein was identified in the homozygous sample (Figure
1C), confirming that the endogenous IC-1 allele has indeed been replaced by the allele
encoding IC-1-GFP-3xFLAG. When probed with the general anti-IC antibody 74.1 [Dillman
and Pfister 1994], which recognizes both IC-1 and IC-2, both the ~100 kDa IC-1-
GFP-3xFLAG fusion protein and the ~75 kDa IC-2 protein were detected in the
homozygous sample (Figure 1C). In most western blots described in this paper, we used the
commercially available anti-IC antibody 74.1.

IC-1-GFP-3xFLAG incorporates into endogenous dynein and can be present in the same
dynein complex with IC-2

To determine if the IC-1-GFP-3xFLAG fusion protein is incorporated into the endogenous
dynein complex, we first performed a sucrose-gradient sedimentation experiment using total
brain protein extract from the homozygous knock-in mice. Western analyses of the sucrose-
gradient fractions demonstrated that the IC-1-GFP-3xFLAG fusion protein, just like the
endogenous IC-2, co-sediments with the dynein HC as well as p150/p135 of the dynactin
complex (Figure 2A). We next performed immunoprecipitation experiments using an anti-
Myc antibody (as a negative control), the anti-IC antibody 74.1 and an anti-FLAG antibody
(Figure 2B). The anti-IC antibody 74.1 was raised against an N-terminal epitope shared by
IC-1 and IC-2 [Dillman and Pfister 1994; Vaughan and Vallee 1995], and it blocks the
dynactin-IC interaction [McKenney et al., 2011], which involves IC’s N-terminal region
[Vaughan and Vallee 1995; King et al., 2003]. Thus, while it co-immunoprecipitated dynein
HC with IC-1-GFP-3xFLAG and IC-2, it did not co-immunoprecipitate p150/p135 of the
dynactin complex (Figure 2B). In contrast, the antibody against the FLAG tag placed at the
C-terminus of IC-1 co-immunoprecipitated p150/p135 proteins (Figure 2B), indicating that
the IC-1-GFP-3xFLAG fusion protein is functional in interacting with dynactin. In addition,
dynein HC was also co-immunoprecipitated in the same experiment, indicating that the
IC-1-GFP-3xFLAG fusion protein is able to bind dynein HC. Together, these results
demonstrate that the IC-1-GFP-3xFLAG fusion protein is incorporated into the endogenous
dynein complex and is also able to interact with the dynactin complex.

IC-1 and IC-2 isoforms are implicated in transporting different cellular cargoes since the
neuron-specific IC-1B isoform but not the ubiquitous IC-2C isoform is involved in
transporting neurotrophin receptor tyrosine kinase B (TrkB) signaling endosomes in cultured
hippocampal neurons [Ha et al., 2008]. However, differentially tagged IC-1 and IC-2, when
overexpressed in tissue culture cells, are able to pull down each other [Lo et al., 2006],
suggesting that they may be able to associate with each other. In our current
immunoprecipitation experiments using the anti-FLAG antibody, IC-2 proteins were clearly
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co-immunoprecipitated (Figure 2B). These results demonstrate for the first time that IC-1
and IC-2 can be present in the same dynein complex in vivo when they are expressed at
endogenous levels. Studies of native and reconstituted mammalian cytoplasmic dynein
complexes indicate that ICs are present as a dimer within a mammalian cytoplasmic dynein
complex as the IC:HC ratio is about 1:1 [Kini et al., 2001; Trokter et al., 2012] (although
IC:HC for budding yeast dynein could possibly be 2:1 [Markus et al., 2011]). Thus, our
results suggest that IC-1 and IC-2 proteins can be present in the same complex as a
heterodimer, raising the possibility that IC-1 and IC-2 may have independent as well as
cooperative functions in the same neuronal cells.

IC-1-GFP-3xFLAG expression levels in hippocampal and cortical neurons increase as
cultures mature in vitro

Primary hippocampal and cortical cultures derived from embryonic E15.5 stage
homozygous knock-in mice were generated to examine the expression of the IC-1-
GFP-3xFLAG fusion protein in primary neurons. These cultures contained mostly neurons
with few glia. In both hippocampal and cortical cultures, the IC-1-GFP-3xFLAG fusion
protein was detected on western blots using either the anti-IC antibody 74.1 that recognizes
both IC-1 and IC-2, or an antibody directed against the GFP tag. Because the endogenous
IC-1 was replaced by the GFP-3xFLAG-tagged IC-1 in homozygous mice, western analysis
using the 74.1 anti-IC antibody is able to easily distinguish the 100 kDa IC-1-GFP-3xFLAG
fusion protein from the ~75 kDa IC-2 protein (Figure 3A). This analysis demonstrated that
both IC-1 and IC-2 are expressed in hippocampal and cortical neurons, confirming previous
observations from 2D gel analysis of S35-labeled IC proteins in cortical neuron cultures
[Pfister et al., 1996]. Expression levels of the IC-1-GFP-3xFLAG fusion protein increased
with time in vitro, in relation to that of beta-catenin (Figure 3B). The intensity of the IC-2
signal is higher than that of IC-1-GFP-3xFLAG (Figure 3A). Since the antibody is raised
against an epitope shared by the IC-1 and IC-2 proteins [Dillman and Pfister 1994; Vaughan
and Vallee 1995], and is unlikely to preferentially bind to IC-2, it is most likely that IC-2 is
expressed at a higher level than IC-1-GFP-3xFLAG in these neurons at this stage in
development.

GFP-labeled dynein can be observed in cultured hippocampal neurons derived from the
knock-in mice

In hippocampal neuronal cultures, IC-1-GFP signals are detectable both by
immunofluorescence (Figure 4A) and by live imaging (Figure 4B). IC-1-GFP could be seen
throughout the somatodendritic compartment and axonal processes (Figure 4A). In processes
that were morphologically identified as axonal, GFP puncta could be seen moving in both
directions by live cell imaging (Figure 4B). This is the first time dynein-associated
structures have been observed in mammalian neurons where GFP-labeled dynein is
expressed at endogenous levels.

In a separate experiment, the movement of IC-1-GFP puncta was analyzed in the axons of
hippocampal cultures from P1/2 mice. Cultures were 7–10 days in vitro at the time of
analysis and as axonal processes were very long at this stage, directionality of movement
could not be unambiguously identified. Nevertheless, the speed distribution and the average
speed of movements of the IC-1-GFP-associated dots in mouse hippocampal neurons
derived from the knock-in mice are similar to that of the retrogradely moving puncta labeled
with exogenously expressed IC-1B-GFP proteins in rat hippocampal neurons (Figure 4C and
D) [Ha et al., 2008]. This result further indicates that the IC-1-GFP-3xFLAG fusion protein
is incorporated into a functional dynein complex capable of driving retrograde movements.
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The knock-in mice can be used for identifying proteins that bind to dynein upon brain
injury

Using either the anti-FLAG antibody or the anti-GFP-antibody, it is possible to isolate
neuronal proteins that are associated with the GFP- and FLAG-tagged dynein in either
normal or pathogenic conditions. Because dynein is implicated in binding to injury factors
upon injury of peripheral neurons [Cavalli et al., 2005; Perlson et al., 2005; Abe and Cavalli
2008; Perlson et al., 2010], we sought to identify proteins that become associated with
dynein upon traumatic brain injury. Specifically, we used a “controlled cortical impact”
(CCI) procedure to injure the mouse brain cortex, and then analyzed the proteins that were
pulled down by the anti-FLAG antibody. Wild type mice without the 3xFLAG tag were used
as a negative control during the pull-down experiment. To avoid analyzing known
components of the dynein and dynactin complexes, knock-in mice that did not go through
the CCI procedure were also used as negative control. The CCI procedure produced a small
lesion on the mouse brain (Figure 5A), and mice that went through CCI were alive. Two
days after the CCI procedure, the anti-FLAG antibody pulled down several new proteins that
were not pulled down from the uninjured negative control (Figure 5B). To this end, we have
only analyzed three bands excised from the silver-stained gel using mass-spectrometry
(arrows in Figure 5B). The mass-spectrometry data shown in Table 1 indicated that the band
at ~170 kDa contained mainly Clathrin heavy chain and a smaller proportion of dynein HC,
which presumably was due to degradation of the dynein HC. The band at the ~90 kDa
contained mainly the heat shock protein HSP90 and aconitate hydratase, a mitochondrial
enzyme. Interestingly, the band at ~27 kDa contained mainly 14-3-3 zeta. Note that the
14-3-3 zeta data were the best in terms of the number of peptides detected (Table 1). To
verify its association with dynein after injury, we performed an independent injury
experiment in which one knock-in mouse went through the CCI procedure and one knock-in
mouse served as negative control (Figure 5C). Instead of using mass-spectrometry analysis,
we used a commercially available antibody against 14-3-3 zeta/delta in the experiment. In
total brain protein extracts, 14-3-3 zeta is easily detectable by the antibody in brain extracts
regardless of whether the mice had been injured with CCI or not (Figure 5C). However, its
association with dynein was only detected after injury. The association, however, seemed to
only involve a small portion of the 14-3-3 zeta protein. This could be because that the injury
is relatively mild and restricted to a small spot on the cortex, while the pull-down
experiment was done using the whole brain. As evidenced from the silver-stained gel
(Figure 5A), we believe that more dynein-bound proteins could be identified after brain
injury, and the availability of this mouse model will be beneficial for a community of
researcher who are interested in studying cellular responses upon injury of the central
nervous system.

Discussion
In recent years, it has become clear that dynein is critical for the function and survival of
neurons, and there is a great need for new tools for studying neuronal dynein. In this report,
we describe a newly generated knock-in mouse line in which the neuron-specific dynein
IC-1 is tagged with GFP and 3xFLAG at its C-terminus. The fusion gene is under the control
of IC-1’s endogenous promoter, and is integrated at the endogenous locus of the IC-1-
encoding gene Dync1i1. Importantly, the IC-1-GFP-3xFLAG fusion protein is fully
incorporated into the endogenous dynein complex that drives retrograde movements in
neurons. This mouse line allows GFP-labeled dynein expressed at the endogenous level to
be observed in cultured neurons for the first time. It should potentially also allow GFP-
labeled mammalian dynein to be purified for studies of motor behavior in vitro, which
should complement and/or improve other existing methods to enhance research in this
important area [Ross et al., 2006; Trokter et al., 2012].
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The newly generated knock-in mouse line will be an ideal tool for studying dynein function
under normal and pathological conditions. Defects in cytoplasmic dynein function are
implicated in multiple brain diseases/disorders including the brain development disorder
lissencephaly, and neuronal diseases such as ALS, spinal muscular atrophy, Charcot-Marie-
Tooth disease and Perry syndrome [Tsai and Gleeson 2005; Wynshaw-Boris 2007; Perlson
et al., 2010; Reiner et al., 2006; Farrer et al., 2009; Weedon et al., 2011; Harms et al., 2012].
Previously, it has been shown that dynein-cargo interaction changes in a mouse ALS model
[Perlson et al., 2009]. Using GFP and FLAG tags in the neuron-specific dynein should allow
isolation of proteins that bind to dynein in neuronal cells specifically. Since the knock-in
mice can be easily bred with other mouse models of neuronal diseases, identifying dynein
cargoes and regulators in normal mice and in disease models should be possible and should
enhance our understanding of disease mechanisms. Moreover, alterations of the microtubule
cytoskeleton in general have been implicated in brain development disorders and
neurological diseases in humans and mice [Keays 2007; Keays et al., 2007; Poirier et al.,
2007; Morris-Rosendahl et al., 2008; Jaglin et al., 2009; Tischfield et al., 2010]. Microtubule
dynamics are also implicated in neuronal regeneration after axonal injury in neuronal
cultures and in C. elegans [Gomis-Ruth et al., 2008; Sweet and Firestein 2008; Chen et al.,
2011; Ghosh-Roy et al., 2012]. However, a knock-in mouse for visualizing fluorescently
labeled microtubules in vivo is not available. Since the mouse line we created allows
visualization of bi-directional movements of GFP-labeled dynein along microtubules, it will
facilitate in vivo studies of neuronal microtubule integrity and function in normal and
disease conditions.

Finally, this dynein IC-1 knock-in mouse line will also be ideal for identifying dynein-bound
proteins after traumatic brain injury. Our study in this direction was inspired by earlier
studies using peripheral neurons, in which dynein is implicated in neuronal regeneration via
transporting injury signaling molecules toward the nucleus after axonal injury [Cavalli et al.,
2005; Perlson et al., 2005; Abe and Cavalli 2008; Perlson et al., 2010]. At this point, we
found that dynein’s physical interaction with 14-3-3 zeta is enhanced 2 days after the
controlled-cortical-impact (CCI) procedure applied to the mouse cortex. 14-3-3 zeta has
previously been found to be a biomarker for traumatic brain injury (TBI), transient forebrain
ischemia and other types of acute brain damage [Siman et al., 2004; 2011]. It is known to be
involved in neurodevelopment [Cheah et al., 2012] and is implicated in several
neurodegenerative diseases [Steinacker et al., 2011]. It also promotes cell survival and
inhibits apoptosis in other cell types [Neal et al., 2012; Yang et al., 2012; Matta et al., 2012].
In addition, 14-3-3 zeta associates with active protein kinase C (PKC) that is important for
synaptic plasticity in the brain [Dai and Murakami 2003], and PKC participates in cellular
wound healing and axonal injury responses [Kono et al., 2012; Pastuhov et al., 2012]. Future
studies will be needed to address whether its association with dynein plays any positive role
in the survival of neurons upon injury in the central nerve system.

Materials and Methods
Generating the knock-in mouse line in which the dynein IC-1-coding gene Dync1i1 is
replaced by the IC-1-GFP-3xFLAG fusion gene

The project of generating the IC-1 knock-in mouse line was carried out using the transgenic
mouse service of genOway in France (www.genoway.com). The targeting vector used to
create the knock-in allele contains the two homologous arms, a fragment encoding
eGFP-5xGlyAla-3xFLAG inserted in-frame before the stop codon in exon 17. Between the
GFP tag and the 3xFLAG tag, 5xGlyAla (GA) repeats were inserted to create a flexible
region between the two tags. The same GA repeats were inserted before the GFP-tag or the
S-tag at the C-termini of proteins in Aspergillus nidulans [Yang et al., 2004]. The selection
marker, the FRT-site-flanked neomycin gene, is inserted in the intron between exons 16 and
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17 (Figure 1A). To facilitate the potential selection of homologous recombination events in
ES cells, a negative selection marker, Diphtheria Toxin A (DTA) gene, was linked to the 5’
end of the short homologous arm. Two loxP sites were also inserted to flank exon 17, which
would potentially aid in the deletion of the coding region of exon 17 and its 3’ untranslated
region for making a partial IC-1 knockout mouse model. Standard molecular biology
techniques were used to construct this targeting vector. Homolog arms were prepared from
129Sv/Pas genomic DNA by polymerase chain reactions (PCRs) using Accuprime Taq
DNA Polymerase High Fidelity (Invitrogen). The amplified DNA fragments were subcloned
into the TOPO vector, and at least three independent clones corresponding to each fragment
were fully sequenced. Clones that contain no mutations in the coding region were chosen for
further construction of the targeting vector. The sequence analysis also showed that within
these regions, there is no polymorphism between the genetic backgrounds of C57BL/6 and
129Sv/Pas mice.

After validation of the targeting vector by restriction analysis and partial sequencing, the
linearized vector was transfected into ES cells derived from the 129Sv mice, and five ES
clones in which the targeting DNA had integrated into the Dync1i1 locus were obtained. For
these five ES clones, besides verification of the correct integration by PCR and Southern
blot analysis, sequencing of the eGFP-5xGA-3xFLAG cassette was done to confirm its
integrity in the genome. All five of these ES clones were injected into C57BL/6J blastocysts,
and the injected blastocysts were re-implanted into pseudo-pregnant females. Mice born
with both the black (from C57BJ) and agouti (from 129Sv) coat colors were considered as
chimeric mice, and four male chimeric mice were used for breeding with C57BL/6 Flp
delete females to remove the neomycin selective marker gene in the germline. After
breeding for two generations, the desired knock-in mice were obtained and verified by
Southern and PCR analysis. For generating homozygous knock-in mice, heterozygous
knock-in mice were crossed to each other. Tail DNA was extracted from the progeny and
analyzed by PCR using the following pair of primers, KIU (5’- gcttgccgttccacacaatg -3’) and
KID (5’-agatgccacggggatactg-3’) that generated a 0.2 kb band for the wild type, a 1 kb band
for the homozygous knock-in mice and both of these bands for the heterozygous knock-in
mice (Figure 1B).

Protein isolation and analysis
For protein analyses described in Figure 1 and Figure 5, the frozen brains were ground to
fine powder in the presence of liquid nitrogen, and mixed with freshly prepared ice-cold
lysis buffer (50 mM Tris, pH 8.0, 50 mM NaCl, 1% Triton X-100, 5mM EDTA, 2 mM
PMSF and 10 µl/ml protease inhibitor cocktail (Sigma)). The mixtures were centrifuged for
30 minutes (14,000 rpm, 4°C), and supernatant was collected. For western analysis on total
lysate, anti-GFP antibody was from Clontech, anti-IC-1 antibody was as described
previously [Mitchell et al., 2012], and the anti-IC antibody 74.1 was as described previously
[Dillman and Pfister 1994]. A FLAG-tag purification kit (Sigma) was used for pulling down
proteins associated with the IC-1-GFP-3xFLAG protein. Elutes were analyzed using a 4%–
20% SDS-PAGE gradient gel. For western analysis, the anti-IC antibody 74.1 [Dillman and
Pfister 1994] and an anti-14-3-3 zeta/delta polycolonal antibody (Acris Antibodies) were
used. The protein identification work was carried out at ProtTech, Inc. by using the
NanoLC-ESI-MS/MS peptide sequencing technology (www.ProtTech.com).

To confirm that the IC-1-GFP-3XFLAG fusion protein was incorporated normally into the
dynein complex in knock-in mice (described in Figure 2), we used a slightly modified
protein-isolation procedure described as follows. Brains were homogenized in ice-cold
BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8, supplemented with 1
mM DTT, 1 mM ATP and protease inhibitor cocktail from Roche), clarified by
centrifugation, and analyzed by sucrose density centrifugation, performed as described

Zhang et al. Page 7

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ProtTech.com


previously [Ross et al., 2006], and by immunoprecipitation. For immunoprecipitation, anti-
FLAG (M2, Sigma), anti-IC (MAB1618, clone 74.1, Millipore), and anti-Myc (Invitrogen),
were coupled according to manufacturer’s instructions to Protein G dynabeads (Invitrogen).
Antibody-bound beads were incubated with equal volumes of clarified lysate at room
temperature for 60 minutes with intermittent agitation, washed in homogenization buffer,
and eluted by boiling in gel sample buffer. The samples were analyzed by SDS-PAGE and
probed with the anti-IC antibody (MAB1618, clone 74.1, Millipore), the anti-HC antibody
(R-325, Santa Cruz) and the anti-p150 antibody (UP502) [Tokito et al., 1996].

Analyses of IC-1-GFP-3xFLAG expression and dynamics in neuronal culture
Cortical or hippocampal cells were isolated from E15.5 mice as previously described [Kaech
and Banker, 2006; Banker and Goslin, 1998; Twelvetrees et al., 2010]. For preparing
cytosolic fractions, approximately 1 million cells were plated per 6 cm dish. After growth
for either 0, 4, 7 or 11 days in vitro (DIV), cultures were rinsed briefly in PBS and lysed in
100 µl of lysis buffer (50 mM HEPES, 1 mM EDTA, 1 mM MgCl2, 25 mM NaCl, 0.5%
Triton-X-100 with protease inhibitor cocktail) with incubation on ice for 10 minutes. Debris
was pelleted at 14000 rpm for 10 minutes. Supernatant was collected and run on a 7% SDS-
PAGE gel followed by western blotting. Anti-IC (MAB1618, clone 74.1, Millipore), anti-
beta-catenin (610154, BD Transduction Laboratories), and anti-GFP (GFP-1020, Aves
Labs) antibodies were used for western analyses. Secondary HRP-conjugated antibodies
were from Jackson. Chemiluminescent signal was detected with a Fujifilm LAS3000
imager. Band intensity was quantified using ImageJ. Total band intensity for each set of four
samples (0, 4, 7 and 11 DIV) was set to be 100% such that each band was as a proportion of
this total, then each GFP intensity was divided by its corresponding beta-catenin intensity.

For immunofluorescence analysis, hippocampal neurons were cultured on coverslips and
fixed and stained as previously described [Twelvetrees et al., 2010]. Primary antibodies
were chicken anti-GFP and rabbit anti-MAP2 (AB5622, Chemicon). Secondary antibodies
were Cy2 conjugated goat anti-chicken (Jackson) and goat anti-rabbit Alexa 594
(Invitrogen). Neurons were imaged using a spinning-disk confocal microscope (UltraVIEW
VoX; PerkinElmer) with an Apochromat 100×, 1.49 NA oil immersion objective (Nikon).
Digital images were acquired with an EM charge-coupled device camera (C9100;
Hamamatsu Photonics) controlled by Velocity software (PerkinElmer). For live cell imaging
and analyses of IC-1-GFP-3xFLAG puncta in axons, hippocampal neurons were cultured
from P1/2 homozygous knock-in mice and the movement of GFP-dynein was imaged on
DIV 7 – 10 as described previously [Mitchell et al., 2012] with a 500 msec frame rate. The
movement velocity was analyzed as described previously [Ha et al., 2008; Mitchell et al.,
2012].

Controlled cortical impact (CCI) injury
Controlled cortical impact (CCI) injury of mice was done as similarly described recently
using the core facility that belongs to the Center for Neuroscience and Regenerative
Medicine (CNRM) in USUHS [Budinich et al., 2012; Villapol et al., 2012; Yi et al., 2012;
Yu et al., 2012]. The CCI device (Impact One, Leica, Wetzlar, Germany) consists of a
computer-controlled, electromagnetically driven impactor with a steel tip mounted on a
stereotaxic micromanipulator [Budinich et al., 2012]. For our experiments, we only chose
male mice for CCI. After a skull fragment was removed by making an incision, a probe with
a tip size of 2 mm in diameter and a movement speed of 5 m/s was used to hit the brain
cortex. The dwell time of the tip at the cortex was 100 ms and the hitting depth 2 mm. As
described previously [Budinich et al., 2012], the skull fragment was carefully put back after
the CCI procedure. Mice were placed in a heated cage to maintain body temperature until
fully awake from anesthesia, before they were returned to their home cage. Two days after
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the procedure, the mice were sacrificed. At approximately the same time, mouse brains were
dissected out and frozen quickly on dry ice, and subsequently kept in a -80 °C freezer.

A histochemical analysis of the injured cortex was done using cresyl violet (Nissl) staining
similar to what has been described previously [Penney et al., 2002]. Briefly, brain sections
mounted on gelatin-coated slides were rehydrated in a graded ethanol series and then stained
for 2 min with cresyl violet (1.25 g cresyl violet acetate and 0.75 ml glacial acetic acid were
dissolved in deionized water in a total volume of 250 ml). After staining they were washed
with deionized water, and dehydrated in a graded ethanol series and preserved on slide with
mounting media.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Construction and characterization of the dynein IC-1 knock-in mice. (A) A diagram showing
the in-frame insertion of the GFP tag and the 3xFLAG tag before the stop codon of the
endogenous Dync1i1 gene. The selection marker, the FRT-site-flanked neomycin gene, was
inserted in the intron between exons 16 and 17. Note that the coding region of exon 17 is
labeled as “Exon 17” and the 3’ untranslated region (UTR) of exon 17 is labeled as “Exon
17 (UTR)”. Two loxP sites were also inserted to flank exon 17, which would potentially aid
in the deletion of the coding region of exon 17 and its 3’ untranslated region for making a
partial IC-1 knockout mouse model. The neomycin marker was removed by breeding with
Flp delete mice. The two primers used for the PCR analysis shown in B are indicated as
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small blue arrows. (B) A PCR-based method to screen for homozygous and heterozygous
knock-in mice. Positions of the primers are shown in A. This pair of primers generates a 0.2
kb product for the wild type, a 1 kb product for the homozygous knock-in mice and both of
these products for the heterozygous knock-in mice. (C) Western blots showing the IC-1-
GFP-3xFLAG fusion protein of ~100 kDa recognized by an anti-GFP antibody, the IC-1-
specific antibody (labeled as “anti-IC-1”) and the general anti-IC antibody 74.1 (labeled as
“anti-IC”). Note that the anti-IC-1 antibody only recognized the ~75 kDa IC-1 protein in the
wild type sample and the ~100 kDa fusion protein in the homozygous sample while the anti-
IC antibody recognized both the IC-1-GFP-3xFLAG fusion protein (~100 kDa) and the IC-2
protein (~75 kDa) in the homozygous sample.
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Figure 2.
The dynein IC-1-GFP-3xFLAG fusion protein is incorporated into endogenous dynein and
can be present in the same complex with IC-2. (A) Result of a sucrose-gradient
sedimentation experiment indicating that both the IC-1-GFP-3xFLAG fusion protein and the
native IC-2 co-fractionate with dynein HC and p150/p135 of the dynactin complex. Brain
lysate from a homozygous IC-1 knock-in mouse was fractionated over a 5–25% sucrose
gradient, and western blots were probed with the anti-HC, anti-IC and anti-p150 antibodies.
(B) Results of immunoprecipitation experiments done using brain lysate from a homozygous
IC-1 knock-in mouse indicating that the IC-1-GFP-3xFLAG fusion protein is incorporated
into endogenous dynein. Immunoprecipitation with an anti-Myc antibody (anti-Myc) is
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shown as a negative control. Immunoprecipitation with the anti-IC antibody is shown for
comparison (this antibody blocks dynactin binding [McKenney et al., 2011], and thus, the
p150/p135 bands are not seen in the IP). The IC-1-GFP-3xFLAG fusion protein is
incorporated into endogenous dynein as assessed by co-immunoprecipitation of dynein HC
and dynactin subunits p150/p135 with an anti-FLAG antibody. Note that in the anti-FLAG
IP lane, both the IC-1-GFP-3xFLAG fusion protein and the endogenous IC-2 isoforms were
detected, indicating that the IC-1 fusion is able to form heterodimer with IC-2.
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Figure 3.
An analysis of the expression levels of the dynein IC-1-GFP-3xFLAG fusion protein in
cultured neurons. (A) Western blots of the cytosolic fraction of hippocampal and cortical
E15.5 neuronal cultures, collected on the day of preparation (day 0) or after culture for 4, 7
or 11 days in vitro (DIV) with an equal volume of lysis buffer. Samples of equal volume
were loaded onto the protein gel for western blot analyses. The blots were probed
sequentially by anti-IC, anti-GFP and anti-beta-catenin antibodies. (B) Change in the
expression level of IC-1-GFP-3xFLAG relative to that of beta-catenin correlated with
culture time. The signal intensity of IC-1-GFP-3xFLAG revealed by the anti-GFP antibody
was normalized to that of beta-catenin for each time point and each neuronal population.
The means for each time point and neuronal population were plotted (n = 3 cultures, error
bars show SEM).
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Figure 4.
An analysis of the dynein IC-1-GFP-3xFLAG in cultured hippocampal neurons. (A)
Immunofluorescent confocal image of a fixed hippocampal neuron from an E15 culture after
10 DIV. Neurons were costained with antibodies to GFP and MAP2. Arrowheads indicate
MAP2 negative axon. (B) The first and last frame, and the intervening kymograph generated
from a movie of 1C-1GFP-3xFLAG puncta moving within an axonal process of a 14 DIV
hippocampal neuron from an E15 culture. IC-1-GFP-3xFLAG-containing puncta move in
both directions within the axon. (C) Comparison of velocity distribution of the IC-1-
GFP-3xFLAG-containing puncta with that of transiently transfected IC-1-GFP in rat
neuronal culture [Ha et al., 2008]. The fractional percent of dots that move at various speeds

Zhang et al. Page 20

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is shown as the frequency value. (D) Comparison of the average speed of the mouse IC-1-
GFP-3xFLAG-containing puncta with that of transiently transfected rat IC-1-GFP that
undergo retrograde movement in rat neuronal culture [Ha et al., 2008].
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Figure 5.
Isolation and identification of proteins that were pulled down with IC-1-GFP-3xFLAG after
brain injury. (A) Images of brain sections stained by cresyl violet showing the injury site of
the mouse brain cortex after the Controlled-Cortical-Impact (CCI) procedure. (B) A silver-
stained gel showing bands of pulled-down proteins from the injured brain. Three of these
bands (indicated by arrows) were analyzed by mass spectrometry. Data of the two top hits
from each band are shown in Table 1. (C) A western analysis on brain lysate and proteins
pulled down by anti-FLAG antibody. The western blot was probed with the anti-14-3-3 zeta/
delta antibody.
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Table 1

Mass spectrometry data from three bands (data for the two top hits from each band are shown).

Hits No. of
Peptide

Sequence Header

1 31 >gi|51491845|ref|NP_001003908.1| clathrin heavy chain 1 (Mus musculus)

2 15 >gi|134288917|ref|NP_084514.2| cytoplasmic dynein 1 heavy chain 1 (Mus musculus)

1 18 >gi|6754254|ref|NP_034610.1| heat shock protein HSP 90-alpha (Mus musculus)

2 16 >gi|18079339|ref|NP_542364.1| aconitate hydratase, mitochondrial precursor (Mus musculus)

1 56 >gi|148676868|gb|EDL08815.1| tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta
polypeptide, isoform CRA_b (Mus musculus)

2 14 >gi|22094075|ref|NP_031477.1| ADP/ATP translocase 2 (Mus musculus)
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