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Neuronally expressed auxilin and ubiquitously expressed cyclin-
G-dependent kinase (GAK) are homologous proteins that act as
cochaperones to support theHsc70-dependent clathrinuncoatingof
clathrin-coated vesicles. GAK was previously shown to be essential
inmouse during embryonic development and in the adult. We have
now engineered an auxilin knockout mouse. Mutant mice had a
high rate of early postnatal mortality and surviving pups generally
had a lower bodyweight thanwild-type pups, although they had a
normal life span. GAK was up-regulated as much as 3-fold in the
brains of both surviving neonates and adult mutant mice. An
increased number of clathrin-coated vesicles and empty cageswere
present at knockout synapses both in situ and in primary neuronal
cultures. Additionally, clathrin-mediated endocytosis of synaptic
vesicles in knockouthippocampalneuronswas impaired,most likely
due to sequestration of coat components in assembled coats and
cages. Collectively, our results demonstrate the specialized role of
auxilin in the recycling of synaptic vesicles at synapses, but also
show that its function can be partially compensated for by up-
regulation of GAK.
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Clathrin-mediated endocytosis is a major pathway for the
internalization of selected protein cargo from the plasma

membrane. Cargo is recruited to nascent clathrin-coated pits,
which then mature, invaginate, and ultimately undergo fission to
produce clathrin-coated vesicles (CCVs) (1, 2). The clathrin coat
is then rapidly shed in an ATP-dependent reaction carried out by
the molecular chaperone Hsc70 (3–5). This reaction also requires
a cochaperone, either auxilin, which is expressed selectively in
neurons, or the ubiquitously expressed cyclin-G-dependent kinase
(GAK) (6).
Auxilin and GAK are highly homologous proteins that share a

multidomain structure, except that GAK has an additional N-
terminal kinase domain. GAK is ubiquitously expressed (7),
whereas auxilin is neuron-specific and enriched in nerve terminals
(8). Both auxilin and GAK are members of the J domain family of
proteins, which are characterized by the canonical histidine-pro-
line-asparatic acid motif that binds to Hsc70 (6). In addition,
auxilin andGAKbind to clathrin and the clathrin adaptorAP2 (9),
and via these interactions they recruit Hsc70 to CCVs (10, 11).
Because Hsc70 has many different functions, several studies have
targeted GAK and/or auxilin to define the role of Hsc70 in cla-
thrin-mediated endocytosis. Levels of GAK and/or auxilin have
been reduced in cells by using RNA interference (12–16). GAK
has also been disrupted by expressing Cre recombinase in a mouse
embryonicfibroblast cell line thatwas derived from the conditional
GAK knockout mouse (12). These studies generally showed that
reducing GAK and auxilin levels results in the impairment of
clathrin-mediated endocytosis and of the clathrin-dependent
traffic of cargo from theGolgi to the lysosome, although the extent
of impairment observed was variable.
Studies of the conditional GAK knockout mouse showed that

GAK is an essential protein both during development and in the
adult (12). When GAK was knocked out selectively in the

developing brain by expressing Cre recombinase using the nestin
promoter, the brains of these animals showed anatomical defects
as early as E15. In newborn mice, there was a dramatic loss of
cells in the cerebral cortex and a reduction in thickness of the
ventricular zones. Ultimately, these mice died within 4 days after
birth. Although these results initially suggested that GAK might
have a specialized role in neurons that auxilin could not perform
(12), it is also possible that, by E15, levels of auxilin may not be
sufficient to compensate for the absence of GAK. Therefore, it
remains unclear whether GAK performs a unique function in
neurons that cannot also be performed by auxilin.
The related question, of course, is whether the neuron-specific

protein auxilin performs an essential unique function in neurons,
in particular to support rapid recycling of synaptic vesicles during
high-frequency firing. In nonneuronal cells, only GAK is present
to cochaperone Hsc70-mediated uncoating activity on CCVs, but
it is not known whether GAK alone could support synaptic
activity in neurons. To answer this question, we engineered an
auxilin knockout mouse. Our results suggest that auxilin has a
specialized function in synaptic vesicle recycling that can com-
pensated for, but only partially, by up-regulation of GAK.

Results
Viability Defects of Auxilin Knockout Mice. A conventional auxilin
knockout mouse (−/−) was generated (Fig. S1), and offspring
were backcrossed for eight generations before phenotypic anal-
ysis. The disruption of the auxilin gene was confirmed by
Southern blotting (Fig. 1A) and by lack of auxilin expression in
brain as revealed by western blotting (Fig. 1B). Heterozygous
mice (+/−) showed a reduction in auxilin expression, indicating a
gene-dosage effect. Lack of auxilin resulted in a marked reduc-
tion in viability. The offspring of heterozygous mice mating are
predicted to be present at a 1:2:1 ratio for the +/+:+/−:−/− gen-
otypes based on Mendelian genetics. Such a ratio was observed
for E18–E19 embryos (Fig. S2A). However, χ2 analysis of the
genotypes of the 3-week-old offspring generated by such mating
revealed divergence from this ratio (P = 0.0038). Not only was
the percentage of auxilin knockout mice lower than expected but
the percentage of heterozygous mice was also significantly lower
(Fig. S2B). Therefore, auxilin knockout mice show early post-
natal mortality. In particular, the runts of the litter often died
before weaning. Mice that survived for the first few weeks had
apparently normal life span. Birth weights of knockout and
heterozygous mice were also lower. At 1 week of age, wild-type
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pups were on average 40% heavier than auxilin knockout pups
(Fig. S2C), and heterozygous mice had an intermediate weight.
Female auxilin knockout mice also showed delayed sexual
maturity (Fig. S2D), but after their first litter the adult knockout
females generally had a normal reproductive cycle.

Up-Regulation of GAK. The level of GAK was measured in the
brain to determine whether up-regulation of GAK might com-
pensate for the absence of auxilin in the knockout mice. GAK
levels were first examined in embryos (E18). Analysis of five
wild-type litters (total of 40 mice) showed less than a 25% var-
iation in GAK levels among littermates (Fig. 1C Top). In con-
trast, GAK levels in the brain lysates from some of the knockout
embryos were substantially greater than the GAK levels in the
embryos of wild-type mice, as exemplified by the litter shown in
Fig. 1C. Interestingly, there was a close relationship between
brain GAK levels and body weight of the pups. As shown by the
P10 litter depicted in Fig. 1D, there was no up-regulation of

GAK in pups with the lowest body weights, whereas there was
up-regulation of GAK in pups with body weights similar to wild-
type mice. At 3–5 weeks of age, more than 80% of the auxilin
knockout mice (analysis of 20 mice) showed approximately 3-
fold up-regulation of GAK in their neuronal tissue compared to
wild-type mice (Fig. 1E). As expected, given the selective
expression of auxilin in the nervous system, GAK levels in
nonneuronal tissues such as spleen, liver, kidney, and testes were
not significantly different between auxilin knockout and wild-
type mice (Fig. S1D).
The expression levels of various proteins associated with syn-

aptic vesicle recycling were also examined by western blotting in
brains from 1-week-old wild-type and auxilin knockout mice.
Whereas levels of GAK were increased, no change was observed
in auxilin knockout brains for several endocytic synaptic proteins
such as dynamin 1, synaptojanin 1, epsin, eps15, amphiphysin 1,
or Hsc70 (Fig. 1F). In general, AP2 and clathrin levels were also
unchanged in the knockout mice, except for the runts, which
showed an increase of 185 ± 35% (n= 6) and 165 ± 25% (n= 6)
for clathrin and AP2 levels, respectively (Fig. 1G). This may be a
consequence of an accumulation of abnormal CCVs and cages in
nerve terminals, as described below.

Auxilin Is More Efficient than GAK in Inducing Clathrin Uncoating.
Because our data showed that a considerable up-regulation
of GAK is required to rescue the growth and viability defects of
auxilin knockout mice, we next examined the relative potency of
auxilin andGAK in supporting theHsc70-dependent uncoating of
clathrin. To this aim, we used a clathrin-uncoating assay pre-
viously developed in our laboratory (17) and involving cells
expressing GFP-clathrin. The assay monitors the loss of GFP
fluorescence from digitonin-permeabilized cells upon incubation
with uncoating factors. Based on semiquantitative western blot
analysis (Fig. 2A), wild-type cytosol from newborn mice contains
less auxilin than GAK, and at 7 days levels of auxilin and GAK are
about equal. Yet the uncoating efficiency (the decrease in clathrin
fluorescence associated with permeabilized cells as a function of
time) of brain cytosol from newborn mice was dramatically
impaired by the lack of auxilin (compare wild-type and knockout
at P0.5 in Fig. 2B). This finding suggests that in combination with
Hsc70 and ATP, auxilin uncoats clathrin more rapidly than GAK.
This was confirmed using the C-terminal domains of auxilin and
GAK, which we previously showed retain the uncoating activity of
the full-length molecule (10). As shown in Fig. 2 C and D, to get
the same time course of uncoating, 10 times more GAK-C62
fragment (GAK-C62) was required than Aux-C54 fragment.

Increased Number of CCVs and Clathrin Cages in Nerve Terminals. To
determine the effect of knocking out auxilin on the structure of
neuronal synapses, immunofluorescence and electronmicroscopic
studies were performed on the brain of surviving adult knockout
mice and in primary cortical neuronal cultures derived from aux-
ilin knockout mice. As illustrated by Fig. 3A, large intensely fluo-
rescent puncta containing clathrin and AP2 (labeled using
antibodies to its α-adaptin subunit) were visible on the dendrites of
cultured knockout neurons, whereas in control cultures, the
immunoreactivity of these two proteins had afine punctate pattern
superimposed on diffuse fluorescence. Quantification of the
results for neurons immunostained for clathrin is shown in Fig. 3B.
Similar results, which had previously been observed in dynamin 1
(18, 19) and synaptojanin 1 (20) knockout neurons, were shown to
be due to the accumulation of assembled coats in presynaptic
nerve terminals: clathrin-coated pits in dynamin 1 knockout neu-
rons and CCVs in synaptojanin 1 knockout neurons. Synaptojanin
1 knockout neurons immunostained for AP2 and clathrin are
shown for comparison in Fig. 3A. A more intense punctate
immunofluorescence pattern for clathrin in auxilin knockout
synapses compared to wild-type synapses was also observed in

Fig. 1. Analysis of endocytic proteins in auxilin knockout mice. (A) Southern
blot analysis of knockoutmice. The 5′probe detects a 3.3-kb and a 4.5-kbband
for the mutant and wild-type alleles, respectively. (B) Western blot analysis of
auxilin from auxilin knockout mice. The brain cytosols from each genotype
were analyzed to check the auxilin level. (C) GAK expression level in brain
lysates of embryonic wild-type and auxilin knockout mice (E18). Brain lysates
fromembryosofa singlewild-type (WT) litter anda singleknockout (KO) litter,
obtained from first-time mothers, were run on Western blots and then
immunoblotted for GAK. In thewestern blot of GAK levels in the KO litter, the
first two lanes are WT brain lysate standards (STD). The GAK intensity in KO
brain lysates was plotted in the bar graph as relative GAK level by normalizing
the intensity of the GAK bands to that of the WT lysate in lane 2. The same
amount of protein frombrain lysateswas loaded in each lane. (D) Relationship
between body weight and GAK expression level in auxilin knockout pups.
Brain lysates from a single KO litter (P10) were analyzed for GAK level by
Western blot. For comparison, brain lysates from aWT litter (P10) were run in
lanes 1 and 2. The weights of the auxilin KO mice are shown above the blot,
whereas the genotypes are shown below the graph. The relative GAK
expression level is plotted directly beneath the immunoblot. (E)Western blots
ofGAK in neuronal tissue ofwild-type and auxilin knockoutmice at 5weeks of
age. (F)Westernblots of thebrain extract fromwild-typeandauxilin knockout
mice at P7. Clathrin-mediated endocytosis-related proteins were detected
fromeachbrain extract using indicated antibodies. (G) Increased expression of
clathrin andAP2 in neuronal tissue of auxilin knockout runts.Western blot for
AP2 and clathrin of brain cytosol was obtained from a wild-type pup (P7) and
an auxilin knockout runt (P7).
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sections of intact brain regions of adult mice, such as the deep
cerebellar nuclei (Fig. 3 C and D). In contrast, the punctate
immunofluorescence of synaptobrevin, a synaptic vesicle marker,
was the same in both genotypes (Fig. 3C), indicating no change in
the presynaptic content of synaptic vesicle membranes.
In agreement with the immunofluorescence studies, electron

micrographs of wild-type synapses of the deep cerebellar nuclei
from adult mice showed only occasional clathrin-coated profiles
(Fig. 4A, circle), whereas CCVs and empty clathrin cages were
very frequently observed in knockout synapses from the same
region (Fig. 4 C and D and Fig. S3). However, there was great
heterogeneity among the synapses: CCVs and cages were not
visible in the sections of some synapses, whereas they were
moderately abundant (Fig. 4D and Fig. S3) and very abundant in
other synapses (Fig. 4C). A section of an axon nearly completely

occupied by clathrin cages is shown in Fig. S4. Quantification of
the differences between wild-type and knockout synapses in the
percentage of assembled clathrin structures, including both CCVs
and empty cages, relative to synaptic vesicles is shown in Fig. 4B.
Despite the increase in CCV number, the overall number of
synaptic vesicles was not statistically different between wild-type
and knockout synapses, consistent with the observation that,
although increased in number, CCVs represented only a small
fraction of the total vesicles at the majority of synapses. Typically,
both CCVs and cages were localized at the periphery of synaptic
vesicle clusters and often lined the nerve terminal plasma mem-
brane (Fig. 4D and Fig. S3). CCVs and empty cages also accu-
mulated at the synapses of knockout cultured neurons (Fig. S5).
Collectively, these data show that, in the absence of auxilin, there
is a significant increase of assembled clathrin on vesicles and in

Fig. 2. Effect of knocking out auxilin on uncoating
activity of brain cytosol. (A) Expression level of aux-
ilin and GAK in wild-type brain cytosol from mice at
P0.5, P3, P7, and P21. Western blots were used to
determine the auxilin and GAK levels in brain cytosol
by using protein standards (10 and 50 nM) of auxilin
(Aux-C54) and GAK (GAK-C62). The auxilin and GAK
were immunoblotted using anti-auxilin and anti-
GAK antibodies, respectively. The same amount of
protein from brain lysates was loaded in each lane.
(B) Kinetics of clathrin uncoating by brain cytosol
from wild-type and auxilin knockout mice. Clathrin-
uncoating assays were conducted as described in
Methods using permeabilized cells expressing GFP-
clathrin. Brain cytosols (1 mg/200 μL) from newborn
wild-type mice (P0.5) and auxilin knockout mice
(P0.5) were used in the assay. (C) Time course of
clathrin uncoating by Hsc70 as a function of Aux-C54
concentration. Varying concentrations of Aux-C54
(5–100 nM) were added to 2 μM Hsc70 and 1 mM
ATP in the uncoating assay. (D) Time course of cla-
thrin uncoating by Hsc70 as a function of GAK-C62 concentration. Varying concentrations of GAK-C62 (10–800 nM) were added to 2 μM Hsc70 and 1 mM ATP
in the uncoating assay.

Fig. 3. Immunoreactivity for endocytic clathrin coat components is clustered at auxilin knockout synapses, and clustering resembles the pattern observed in
synaptojanin 1 knockout synapses. Immunofluorescence pictures are shown as negative images (fluorescence is shown in black). (A) High-magnification views
of cultured neurons from an auxilin knockout mouse, a littermate pup, and a synaptojanin 1 knockout mouse immunostained for clathrin and AP2 (with
α-adaptin antibodies). In the two knockout images, the clustering of clathrin and AP2 immunofluorescence, which reflects accumulations of clathrin-coated
structures at synapses (16), is increased. (Scale bar, 20 μm.) (B) Number of clathrin puncta above threshold per unit area in auxilin knockout cultures. (C)
Sections of deep cerebellar nuclei from auxilin knockout and wild-type mice immunostained for clathrin and for the synaptic vesicle marker synaptobrevin.
Note that clathrin fluorescence, but not synaptobrevin fluorescence, is more intense at knockout synapses. (Scale bar, 20 μm.) (D) Clathrin immuno-
fluorescence intensity (F.I.) normalized to the synaptobrevin immunofluorescence intensity. Error bars in B and C are SEM.
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cages, consistent with the well-characterized function of auxilin as
a cochaperone in the Hsc70-dependent disassembly of clathrin on
CCVs and clathrin cages in the cytosol.

Decreased Rate of Vesicle Endocytosis at Hippocampal Synapses. To
determine the effect of auxilin on the rate of synaptic vesicle
endocytosis, hippocampal neurons from wild-type and auxilin
knockout mice were transfected with synaptopHluorin, a fusion
protein consisting of a pH-sensitive mutant of GFP fused to the
luminal C-terminal end of the integral synaptic vesicle membrane
protein VAMP-2 (21). Because the lumen of synaptic vesicles is
acidic, the fluorescence of this fusion protein increases more than
20-fold upon exocytosis but decreases following endocytosis and
reacidification of the internalized vesicles (22).Using this reporter,
the time course of the decrease in fluorescence following excitation
provides a measure of the rate of endocytosis.
Exocytosis was induced by evoking action potentials via a

bipolar platinum electrode (1 ms, 20 mA) positioned in the bath
solution (22). A train of 20-Hz stimulation for 10 s increased the
bouton fluorescence in wild-type and auxilin knockout neurons,

indicating exocytosis of synaptic vesicles. Following stimulation,
the fluorescence in boutons from wild-type mice returned mono-
exponentially to prestimulation levels with a time constant of 33.4
± 3.4 s (n= 4mice, 77 boutons; 12–28 boutons were imaged from
each mouse). In contrast, only ∼60% of the fluorescence increase
in auxilin knockout synapses decreased monoexponentially, and
during this phase the time constant of decay was 49.5± 5.4 s (n=4
mice, 48 boutons; 9–15 boutons were imaged from each mice; Fig.
5 A2 andA3), which is significantly slowed than for wild-type mice
(Fig. 5B). At ∼120 s after stimulation, 37.7 ± 14.67% (n= 4mice)
of the fluorescence intensity increase induced by the stimulus was
still observed, whereas in control neurons at the same time point
only 2.63 ± 5.94% (n = 4 mice, P = 0.0045) of the fluorescence
increase was still observed (Fig. 5C). The initial rate of the fluo-
rescence decrease was also significantly decreased in auxilin
knockout neurons, as compared to wild-type neurons (Fig. 5D).
Taken together, these results suggest that the endocytic process is
significantly impaired in the auxilin knockout mouse. After the
stimulatory conditions used, 20-Hz stimulation for 10 s, clathrin-
mediated endocytosis is expected to be the major form of endo-

Fig. 4. Accumulation of CCVs and clathrin cages at auxilin knockout synapses from deep cerebellar nuclei of adult mice as revealed by electron microscopy.
(A) Representative example of a wild-type synapse. A clathrin-coated structure is indicated by the circle. (B) Percentage of CCVs/cages (assembled clathrin
structures, CSs) relative to synaptic vesicles (SVs) at wild-type and knockout synapses. (C and D) Examples of auxilin KO synapses where a variable number of
CCVs or empty cages can be seen. Typically, CCVs/cages (asterisks indicate areas enriched in these structures) are located at the periphery of synaptic vesicle
clusters (such clusters are delineated by dotted lines in the figures) and often along the plasma membrane. The insets in C and D are high-magnification views
of the rectangular regions that show empty cages and CCVs, respectively. (Scale bars, 200 nm.)
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cytosis at cultured hippocampal synapses (23–26). Thus, the delay
in endocytosis observed in our experiments is likely due to an
impairment of clathrin-mediated endocytosis.

Discussion
The well-established role of auxilin in clathrin uncoating (6) and
its high concentration at synapses had suggested a specialized
function for this protein in the clathrin-dependent recycling of
synaptic vesicles (27). Our study provides genetic support for this
hypothesis and also shows that the function of GAK overlaps,
but only partially, with the function of auxilin. Clearly, synaptic
vesicle recycling was impaired but not blocked in the absence of
auxilin. Furthermore, although auxilin knockout mice showed a
marked increase in early postnatal mortality, some animals sur-
vived to adulthood though they had reduced body weight and
delayed sexual maturity. Although it remains possible and likely
that these animals may have impaired cognitive function given
the impaired traffic of synaptic vesicles, clearly up-regulation of
GAK can compensate for the lack of auxilin to allow for the
basic functions of life. In these animals, a marked up-regulation
of GAK levels in brain and a relationship between the extent of
GAK up-regulation and body weight was observed.
As for why the absence of auxilin causes lethality, most likely

this is due to neurological and cognitive impairment resulting
from defective synaptic transmission. Similar early lethality was
observed inmice harboringmutations in other genes implicated in
the clathrin-dependent endocytosis of synaptic vesicles (18, 20).
Electron microscopy demonstrated that the absence of auxilin

caused a marked increase in clathrin-coated structures, both
CCVs and cages, in neuronal cultures from newborn mice, as
well as in neurons from adult mouse brains, which show a
compensatory increase in GAK expression. Therefore, even with
the higher levels of GAK expression in adult brains, membrane-
recycling defects were still present in the knockout mice,
although these defects were not serious enough to cause obvious
neurological problems. Apparently, even a several-fold increase
in GAK above normal levels is not sufficient to completely
compensate for the absence of auxilin.
The numerous empty cages observed at synapses suggest that

auxilin and Hsc70 not only uncoat CCVs but more generally
chaperoneclathrin in the cytosol, therebypreventing the formation
of clathrin baskets or triggering their rapid disassembly. These
findings are consistent with photobleaching studies demonstrating
that cytosolic clathrin no longer rapidly exchanges in the absenceof
auxilin/GAK (12, 16), as expected if clathrin were in an assembled/
aggregated state. Furthermore, free cages were observed in the
cytosol of HeLa cells depleted of auxilin/GAK (16) or when a
dominant-negative Hsc70 was expressed in HeLa cells (28). The
increase of clathrin levels in the brains of themost severely affected

pups (Fig. 1G) may be explained by the accumulation of empty
clathrin cages and CCVs. This accumulation may result from
decreased clathrin degradation due to the enhanced pool of cla-
thrin in an assembled state or to increased synthesis to compensate
for the reduced availability of free clathrin.
As revealed by electrophysiological studies of cultured hippo-

campal neurons in primary culture, after stimulatory conditions
that favor clathrin-mediated endocytosis, the compensatory endo-
cytic response followinga stimuluswas strongly impairedby the lack
of auxilin.More specifically, after an initial phase of slower (relative
to control) but robust endocytosis, endocytosis nearly stopped. This
effectwas not due toa progressivedepletion of synaptic vesicles due
to repeated stimulation, because a defect of endocytosis also
occurred after a single stimulation. We speculate that clathrin-
mediated compensatory endocytosis fails due to sequestration of
clathrin coat components and their accessory factors on CCVs and
in empty cages so that new clathrin-coated pits cannot form.
An accumulation of CCVs was also observed at the synapses

of synaptojanin knockout mice (18–20, 29, 30). Synaptojanin, a
phosphoinositide phosphatase, plays a key role in the recycling of
synaptic vesicles by hydrolyzing PtdIns(4,5)P2, a critical factor in
the binding of the clathrin adaptors to the membrane. By cata-
lyzing this reaction, synaptojanin 1 is thought to promote the
dissociation of the adaptors during CCV uncoating (31). Inter-
estingly, no empty cages were observed in the synaptojanin
knockout synapses (19, 20, 29), consistent with the different
functions of auxilin and synaptojanin 1 in uncoating: clathrin
disassembly and chaperoning in the case of auxilin, adaptor
shedding from the bilayer in the case of synaptojanin 1. Lack of
adaptor dissociation may slow down clathrin removal by Hsc70/
auxilin in synaptojanin 1 knockout neurons.
Although our results show that GAK overexpression can

partially compensate for loss of auxilin, it is not known whether
auxilin could compensate for the absence of GAK in neurons.
Because GAK conventional knockout mice die embryonically,
the role of GAK in mouse brain was examined in conditional
knockout mice, where the GAK gene was disrupted in the brain
by expressing Cre recombinase under the control of the nestin
promoter. These mice died within 4 days after birth. However,
because the nestin promoter is turned on very early in brain
development whereas auxilin expression is turned on later (12),
the possibility that auxilin compensates for the lack of GAK
remains to be tested. GAK differs from auxilin not only in the
presence of the kinase domain but also in the presence of two
binding motifs for the clathrin adaptor AP1 that have been
reported to be important for protein trafficking to the lysosome
(15). Therefore, GAK may have unique housekeeping functions
in neurons that cannot be compensated by the presence of
auxilin. To determine whether this is the case, GAK needs to be

Fig. 5. Auxilin knockout reduces the rate of endocy-
tosis. (A) Representative examples of synaptopHluorin
signal froma singlehippocampal bouton (A1andA2) and
the averaged fluorescence trace (A3); 77 boutons from 4
wild-type mice and 48 boutons from 4 auxilin knockout
mice after 200 AP at 20 Hz in WT (black) and auxilin KO
(red) neurons. Traces are normalized to the basal fluo-
rescence recorded before stimulation. The decay of the
fluorescence signal indicates endocytosis. (B) The endo-
cytic time constant of hippocampal boutons after 200
action potentials at 20 Hz inWTmice (n = 27) and auxilin
KO mice (n = 14); *P = 0.01. (C) The percentage of fluo-
rescence that remainedunretrieved after 120 s inWTand
auxilin KO mice; *P = 0.0045. The data were normalized
to the peak of the fluorescence increase. (D) The initial
endocytosis rate within 10 s after stimulation in WT and
auxilin KO mice; *P = 0.0184. Error bars are SEM.
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knocked out in the mouse nervous system using a neuron-specific
promoter that turns on late during mouse development, when
auxilin is already present. These mice will allow us to determine
the function of a nervous system in which only auxilin is
expressed in mouse neurons.

Methods
Chemicals. DNase type IV, poly-L-lysine (0.01%), and cytosine β-D-arabino-
furanoside, L-cysteine, 6-cyano-7-nitroquinoxaline-2,3-dione, 1,2-amino-5-
phosphonovaleric acid, and Mayer’s hematoxylin were obtained from
Sigma. Neurobasal-A medium, Modified Eagle Medium, HBSS, Hepes, B-27,
Na-pyruvate, GlutaMAX, penicillin-streptomycin, and FBS were from Invi-
trogen. Matrigel and bovine transferrin were obtained from BD Biosciences
and Calbiochem, respectively. The list of antibodies is given in SI Text.

Generation of the Auxilin Knockout Mouse. The targeting scheme to generate
auxilin knockout embryonic stem cells is described in SI Methods. Positive
embryonic stem cell clones were microinjected into blastocysts and then
reimplanted into pseudopregnant foster females. The resulting chimeras
were bred with C57BL/6 mice to obtain F1 offspring, and germline trans-
mission was determined by Southern blot analysis and/or PCR. Auxilin het-
erozygote mice were backcrossed with C57BL/6 mice for more than eight
generations before phenotypic analysis. All mice were handled in accord-
ance with the NIH Guide for the Care and Use of Laboratory Animals.

Primary Cortical Neuronal Cultures for Microscopic Studies. Primary cortical
neurons were prepared from neonatal mouse brain (P0–P1). Cortical tissue
was dissected out, placed in ice-cold HBSS, and cut into small pieces. Tissue
was then digested for 30–40 min in HBSS containing papain (20 U/mL) and
DNase (20 μg/mL) at 37 °C, followed by gentle trituration. The cells were
plated on poly-D-lysine–coated coverslips at a high density (20,000–40,000
cells/cm2.) using FBS-containing MEM. After 8–12 h, the medium was
changed to a neuronal medium (2 mM GlutaMAX, 2.5% B-27, 100 U/mL
penicillin-streptomycin in neurobasal-A medium) and the cells were main-
tained at 37 °C in a 5% CO2 humidified incubator. Cultures were used for
morphological studies after 3–4 weeks after plating.

Hippocampal Cultures and Electrophysiology. CA1–CA3 regions were dissected
from newborn mice, dissociated, and plated onto Matrigel-coated glass cov-

erslips. Cells were maintained in culture medium (MEM, 0.5% glucose, 0.1 g/L
bovine transferrin, 0.3 g/L glutamine, 10% FBS, 2% B-27, 3 μM cytosine-b-D-
arabinofuranoside) at 37 °C in a 95% air/5% CO2 humidified incubator.
Calcium-phosphate-mediated gene transfer was used to transfect 6- to 8-day-
old cultures with synaptopHluorin (21). Coverslips were mounted in a rapid-
switching, laminar-flow perfusion and stimulation chamber (RC-21BRFS
chamber; Warner Instruments) 6−10 days posttransfection. The total volume
of the chamberwas∼150 μL. Twohundred action potentialswere delivered by
passing 1-ms current pulses of 20 mA at 20 Hz through the chamber via plat-
inum electrodes. Except if otherwise noted, cells were continuously perfused
at room temperature (∼25 °C) in a saline solution containing 119mMNaCl, 2.5
mM KCl, 2 mM CaCl2, 2 mMMgCl2, 25 mMHepes (buffered to pH 7.4), 30 mM
glucose, plus 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione and 50 μM d,l-2-
amino-5-phosphonovaleric acid (AP5).

Miscellaneous Procedures. Western blotting, immunofluorescence of primary
neuronal cultures and brain frozen sections, and electron microscopy were
carried out by standard procedures (see SI Methods for details). Clustering of
immunofluorescence in neuronal cultures was quantified as previously
described (16).

Clathrin-Uncoating Assay. CHO cells stably expressing GFP-clathrin were
grown in eight-well chambers and permeabilized with digitonin as described
previously (17). To measure the uncoating of clathrin, GFP fluorescence
intensity was measured at 20-s intervals on a Zeiss confocal microscope on
addition of either brain cytosols or purified proteins to the permeabilized
cells. Brain cytosols used in the uncoating assay were prepared from new-
born wild-type and knockout mice. Uncoating was also measured using
purified Hsc70 and either recombinant Aux-C54 or GAK-C62. These latter
protein fragments, which are the 54-kDa and 62-kDa C-terminal domains of
auxilin and GAK, respectively, were prepared as described previously (10). All
assays were conducted in the presence of 1 mM ATP and the following
buffer: 20 mM imidazole, 2 mM magnesium acetate, 25 mM KCl, 10 mM
(NH4)2SO4 (pH 7.0).
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