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Increased neuronal activity fragments the
Golgi complex
Desiree A. Thayer, Yuh Nung Jan, and Lily Yeh Jan1

Department of Physiology, and Howard Hughes Medical Institute, University of California, San Francisco, CA 94158

Contributed by Lily Yeh Jan, December 8, 2012 (sent for review June 20, 2012)

The Golgi complex is essential for many aspects of cellular function,
including trafficking and sorting of membrane and secretory pro-
teins and posttranslational modification by glycosylation. We ob-
served reversible fragmentation of the Golgi complex in cultured
hippocampal neurons cultured in hyperexcitable conditions. In
addition, Golgi fragmentation was found in cultured neurons with
hyperactivity due to prolonged blockade of GABAA-mediated inhi-
bition or withdrawal of NMDA receptor antagonism. The interplay
between neuronal hyperactivity and Golgi structure established in
this study thus reveals a previously uncharacterized impact of neu-
ronal activity on organelle structure. This finding may have impor-
tant roles in protein processing and trafficking in the Golgi aswell as
effects on neuronal signaling.

hyperexcitability | activity-dependent

The Golgi complex is a highly dynamic cellular organelle that
processes and sorts membrane proteins during transport from

the site of synthesis in the endoplasmic reticulum to the cell sur-
face, secretory vacuoles, or lysosomes. Distinct from other cellular
organelles due to its ribbon-like organization of interconnected
membrane stacks (1, 2), the Golgi is typically located around the
centrosome, where it is positioned by a microtubule-dependent
mechanism. The Golgi complex is continuously involved in
membrane fusion and fission processes during protein and mem-
brane cargo transport. Despite this dynamic quality, the Golgi
complex maintains a distinct morphology with high stability in the
number of cisternae per stack (1). However, physiological and
pathological conditions are known to change the shape of the
Golgi, including disassembly for limited cases such as microtubule
reorganization during mitosis (3) or depolymerization by specific
drugs (e.g., nocodazole, brefeldin A) that cause Golgi fragmen-
tation into ministacks (4, 5). The interconnected Golgi stacks are
rebuilt from the fragments upon exit frommitosis or drug washout.
The Golgi apparatus also undergoes irreversible fragmentation

during apoptosis (6), which is due in part to caspase-mediated
cleavage of Golgi-associated proteins (7). It is unclear if Golgi
fragmentation is causative in cell death pathways or an effect of
the signaling cascade. There is some evidence that the Golgi
complex acts as a sensor to control entry into apoptosis (6, 8). Golgi
fragmentation was also observed in several neurodegenerative
pathologies, including Alzheimer’s disease (9), amyotrophic lateral
sclerosis (ALS) (10), Creutzfeldt–Jakob disease (11), Niemann–
Pick type C (12), Parkinson’s disease (13), and Spinocerebellar
ataxia type 2 (14).
In neurons, the Golgi apparatus is not only crucial for proper

forward trafficking of ion channels, receptors, and other signaling
molecules but also mediates transport of exogenous molecules
by retrograde and transsynaptic paths. The Golgi also functions
in posttranslational modification of proteins and lipids by glyco-
sylation, with sequential glycosylation reactions performed during
trafficking through the Golgi. Consequently, damage to neuronal
Golgi structure could have important functional consequences (15).
We observed fragmentation of the Golgi complex in hyperex-

citable neurons. We used chronic exposure to slightly elevated
potassium ion concentration as depolarizing stimuli.We also found
Golgi fragmentation after treatment with increased potassium

concentration for 2 d. This fragmentation was reversible upon
return to normal culture medium.
We reasoned that if Golgi fragmentation occurs under hyper-

excitable conditions, then fragmentation might also take place
during prolonged hyperactivity. Therefore, we observed the Golgi
complex in cultured hippocampal neurons during increased
neuronal activity by prolonged treatment with bicuculline (16)
or withdrawal of 2-amino-5-phosphonovaleric acid (APV) (17).
Bicuculline blocks GABAA-mediated inhibition, thereby in-
creasing neuronal activity, while APV is a selective NMDA re-
ceptor antagonist, and removal of APV after extended exposure
results in increased neuronal activity. As a result of either type of
increased neuronal activity, we observed fragmentation of the
Golgi complex. The observed Golgi complex fragmentation was
also reversible, as the interconnected stacks of the Golgi reor-
ganized as neuronal activity returned to control levels.
The observed Golgi fragmentation occurs by a specific mecha-

nism that depends on activation of CaM kinase by calcium. We
observed block of Golgi fragmentation in cultured neurons pre-
treated with CaM kinase inhibitor KN-93. Additionally, Golgi
fragmentation can be induced by treatment with okadaic acid,
which blocks protein phosphatase 2A (PP2A) and PP1 at con-
centrations used in this study.
Overall, this report demonstrates reversible, activity-dependent

fragmentation of the Golgi complex in neurons. Our findings
reveal a unique cell biological consequence of hyperexcitability
and increased neuronal activity.

Results
Prolonged Hyperexcitability Fragments the Golgi Complex. Golgi
fragmentation was reported in neurons in many neurodegenera-
tive pathologies (18). One common characteristic of these neu-
rodegenerative diseases is neuronal hyperexcitability (19–26). For
example, hyperexcitable motor neurons in an ALS mouse model
showed Golgi fragmentation before symptoms of the disease (10).
We hypothesized that prolonged hyperexcitability may lead to
Golgi fragmentation. To test this, we cultured hippocampal neu-
rons in medium with slightly elevated potassium ion concentration
(15 mM compared with 5 mM) to induce hyperexcitability (27).
The neurons were immunostained with antibody against the Golgi
resident protein GM130 to assess Golgi structure (Fig. 1A).
Images were obtained as z-stacks using confocal microscopy. The
images were analyzed using Imaris software to quantify the
number of distinct fragments comprising the Golgi staining (Fig.
1B). Analysis using Imaris also provided quantification of frag-
ment surface area and volume. In all comparisons [from 7 d in
vitro (DIV) to 17 DIV], the neurons cultured in medium with
elevated potassium showed Golgi fragmentation compared with
normal medium (Fig. 1A andB). For example, at 17DIV, neurons
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cultured in normal medium had a median value of six fragments
with interquartile range (IR) = 3.8–9.3 fragments compared with
neurons in elevated potassium having 20 fragments with IR = 14–
27. Neurons were also cultured in normal medium, then switched
to high potassium medium at 14 DIV for 2 d, at which point
Golgi fragmentation was observed, whereas no such Golgi frag-
mentation was evident after the neurons were returned to normal
potassium medium for an additional 2 d (Fig. S1).

Golgi Fragmentation also Results from Neuronal Hyperactivity.
Knowing that Golgi fragmentation results from neuronal hyper-
excitability, we wondered if hyperactivity also causes fragmenta-
tion of the Golgi complex. Mature cultured neurons (≥21 DIV)
were treated with bicuculline for 1–2 d, then bicuculline was re-
moved (Fig. 2A). Bicuculline is a GABAA receptor antagonist,
thereby increasing neuronal activity by blocking GABAA-medi-
ated inhibition. Treatment with bicuculline is also a known
pharmacological model of seizures (16). Within 1 d of bicuculline

Fig. 1. The Golgi complex fragments under hyperexcitable conditions. (A) Neurons were cultured under normal and hyperexcitable conditions (elevated
potassium concentration, high K). Immunostaining with anti-GM130 (green) and anti-MAP2 (blue) with 3D reconstruction of anti-GM130 signal. The color of
the distinct Golgi fragments corresponds to the relative size of the fragment. (Scale bar: 10 μm.) (B) Quantification of number, surface area (μm2), and volume
(μm3) of distinct Golgi fragments from reconstructed anti-GM130 fluorescent signal. Data shown are median and IR (controls: 7 DIV, n = 10; 10 DIV, n = 9;
14 DIV, n = 10; 17 DIV, n = 21; high K: 7 DIV, n = 10; 10 DIV, n = 8; 14 DIV, n = 9; 17 DIV, n = 17).

Fig. 2. Prolonged treatment with bicuculline (20 μM) or removal of APV (200 μM DL-APV) fragments the Golgi complex. (A) Immunostaining of cultured
hippocampal neurons (≥21 DIV) with cis-Golgi marker anti-GM130 (green) and anti-MAP2 (blue) with 3D reconstruction of Golgi staining. (Scale bar: 10 μm.)
(B) Quantification of number, surface area (μm2), and volume (μm3) of distinct Golgi fragments from reconstructed anti-GM130 fluorescent signal. Application
of TTX (1 μM) before bicuculline to block synaptic transmission. Data shown are median and IR (control, n = 10; Bic, 1 d, n = 7; Bic, 3 d, n = 6; APV, 1 d, n = 9;
APV, 3d, n = 7; TTX+Bic, 1 d, n = 5). For Bic, 1 d, P < 0.1.
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exposure (Bic, 1 d), the Golgi complex in the majority of neurons
was fragmented, as seen by the increase in the number of distinct
fluorescent units within the Golgi mass (at 1 d, median value of
seven fragments with IR = 6–20 compared with two fragments with
IR = 1.8–4 for mock-treated control, Fig. 2B). During bicuculline
treatment (Bic, 1 d), both the surface area (14 μm2 with IR= 5.5–29
for bicuculline compared with 64 μm2with IR= 8.3–240 for control)
and volume (3.5 μm3 with IR = 0.9–7.3 for bicuculline compared
with 13 μm3 with IR = 1.1–68 for control) decreased significantly
with fragmentation. Removal of bicuculline (Bic, 3 d, Fig. 2A)
resulted in regeneration of a less fragmented Golgi ribbon (2.5
fragments with IR = 1–3), with a corresponding increase in frag-
ment surface area (18 μm2 with IR = 6.1–320) and volume (3.8
μm3 with IR = 1.0–110) to mock-treated control levels.
A similar observation of Golgi fragmentation was detected for

neurons after removal of APV (Fig. 2A). APV is a selective NMDA
receptor antagonist, and removal of APV after extended exposure
results in increased neuronal activity (17). Neurons were treated
with APV for 2 d, then replaced with conditioned medium without
APV for 1 d before immunostaining with anti-GM130. Increased
neuronal activity from removal of APV resulted in Golgi frag-
mentation in the neurons (eight fragments with IR = 5–10; Fig.
2B), with a concomitant decrease in fragment size (surface area of
9.0 μm2 with IR = 2.8–18, volume of 1.5 μm3 with IR = 0.4–3.4).
The number of fragments decreased to untreated levels 3–4 d after
removal, showing reversibility as neuronal activity decreases. Thus,
we observed activity-dependent fragmentation of the Golgi com-
plex using two different means (bicuculline and APV withdrawal)
to increase neuronal activity in cultured rat hippocampal neurons.
To demonstrate that the Golgi fragmentation requires neu-

ronal activity, we inhibited synaptic activity by pretreating neu-
rons for 20 min with tetrodotoxin (TTX), then added bicuculline.
After 1 d of cotreatment with TTX and bicuculline, there was no
change in the number (three fragments with IR = 2–4; Fig. 2B)
or size (surface area of 100 μm2 with IR = 18–270, volume of
30 μm3 with IR = 3.3–66) of Golgi fragments. Thus, the Golgi
fragmentation requires an increase in neuronal synaptic activity.
To ensure the observed fragmentation was not an effect only

on GM130, we repeated the immunostaining using anti-TGN38
(Fig. 3A). Whereas GM130 is a protein marker for the cis region
of the Golgi, TGN38 is located in the trans Golgi. For TGN38,
the number of Golgi fragments was 14 (IR = 11–17) after 1 d
bicuculline treatment, 16 (IR = 11–22) for 1 d after APV with-
drawal (APV, 3 d), and 4 (IR = 2–5) for untreated control (Fig.

3B). This increase in Golgi fragments also occurred with a de-
crease in fragment surface area (10 μm2 with IR = 3.6–27 for
bicuculline, 3.8 μm2 with IR = 1.7–8.6 for APV withdrawal, 29 μm2

with IR = 7.9–140 for control) and volume (2.0 μm3 with IR =
0.5–7.3 for bicuculline, 0.5 μm3 with IR = 0.2–1.7 for APV
withdrawal, 7.2 μm3 with IR = 1.6–34 for control).

Golgi Fragmentation from Hyperactivity Is Reversible. The experi-
ments shown in Figs. 2 and 3 suggest that the Golgi fragmen-
tation is reversible upon return to normal neuronal activity.
Additionally, we checked the neurons during Golgi fragmenta-
tion conditions (both during bicuculline and after APV wash-
out) for signs of apoptosis and found the neurons remain healthy
with intact mitochondria and nuclei (Fig. S2). Nonetheless, we
wanted to observe the reversibility of the Golgi fragmentation,
so we turned to live cell time-lapse imaging of cultured hippocampal
neurons cotransfected with fluorescently labeled Golgi enzyme
Mgat2 (Mgat2–EGFP) and myristoylated Td-Tomato (to visualize
neuron morphology). The somatic region of individual neurons was
imaged before and 1 d after treatment with bicuculline. With addi-
tion of bicuculline, Mgat2–EGFP localization showed some frag-
mentation (Fig. 4A shows two example neurons and Fig. 4B shows
a mock-treated control). After 1 d of bicuculline treatment, the
medium was removed and replaced with preconditioned normal
medium. Following return to normal medium, the neurons were
imaged 2 d later to observe reversal of the Golgi fragmentation. The
summary data of individual neurons (Fig. 4C) shows the trend of
reversal of Golgi fragmentation upon return to normal neuronal
activity after bicuculline-induced hyperactivity.

Activity-DependentGolgi FragmentationRequires CaMKinaseActivation.
Knowing increased neuronal activity leads to an increase in in-
tracellular calcium, we hypothesized that a calcium-dependent
pathway may lead to the Golgi fragmentation. We found that
pretreatment of cultured neurons with the CaM kinase II/IV
inhibitor KN-93 blocks Golgi fragmentation by bicuculline
treatment. Using the same conditions of mature cultured hippo-
campal neurons as used in Fig. 1, KN-93 was added 20 min before
addition of bicuculline (Fig. 5A). As visualized by immunostaining
of the Golgi marker GM130, CaM kinase inhibition with KN-93
blocked Golgi fragmentation (Fig. 5B), with coupled preservation
of fragment size (Fig. 5 C and D). Thus, the observed neuronal
activity-dependent Golgi fragmentation occurs via a specific CaM
kinase II/IV–dependent pathway.

Fig. 3. Golgi fragmentation is visualized with the trans-Golgi marker TGN38 as well as the cis-Golgi marker GM130. (A) Immunostaining of hippocampal
neurons (≥21 DIV) with anti-TGN38 (green) and anti-MAP2 (blue) with 3D reconstruction of anti-TGN38 signal. (Scale bar: 10 μm.) (B) Quantification of
number, surface area (μm2), and volume (μm3) of distinct Golgi fragments from reconstructed anti-TGN38 fluorescent signal. Data shown are median and IR
(control, n = 10; Bic, 1 d, n = 9; APV, 1 d, n = 8; APV, 3d, n = 7).
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Knowing that protein phosphatases can dephosphorylate
CaMKII (28–30) and CaMKIV (31, 32), we also examined the ef-
fect of protein phosphatase inhibitors okadaic acid and FK506 on
Golgi structure. After inhibiting protein phosphatases with okadaic
acid (10 nM) for 1 d (Fig. 6A), the Golgi complex fragmented (28
fragments with IR = 18–35 for okadaic acid treatment compared
with six fragments with IR = 4–10 for control; Fig. 6B). The okadaic
acid was then removed from the culture medium for an additional
day, and we observed reversal of the Golgi fragmentation (seven
fragments with IR = 5–13). However, inhibiting PP2B with FK506
(100 nM) did not causeGolgi fragmentation. Because okadaic acid
inhibits PP2A (IC50 = 0.2–1 nM) and PP1 (IC50 = 3 nM) at the
concentration used in his study, inhibiting PP2A and/or PP1 may
allow phosphorylation of target proteins by CaMKII/CaMKIV,
which can lead to Golgi fragmentation.

These experiments suggest that the Golgi fragmentation in-
duced by prolonged hyperactivity occurs via CaMKII and/or
CaMKIV, which in turn may be modulated by PP2A and/or PP1
(Fig. 6C). Future experiments on these pathways, beyond the
scope of this report, would elucidate details of this mechanism.

Discussion
We observed Golgi fragmentation during prolonged hyperexcit-
ability induced by elevated potassium. Moreover we studied frag-
mentation of the Golgi complex in cultured hippocampal neurons
with increased neuronal activities by prolonged treatment with
bicuculline or withdrawal of APV. Distinct from irreversible Golgi
fragmentation during apoptosis (33), this activity-dependent frag-
mentation was reversible, as reorganization of the Golgi stacks
occurred after washout of the drug for return to normal activity.
We also found inhibition of this Golgi fragmentation by blocking

Fig. 4. Golgi fragmentation occurs during bicucul-
line treatment and reverses after return to normal
medium. Cultured hippocampal neurons were trans-
fected with Mgat2–EGFP and myristoylated Td-
Tomato. Individual neurons were imaged, then
treated with bicuculline for 1 d. Bicuculline was re-
moved and neurons were imaged again after 2 d in
normal medium. (A) Examples of two neurons with
fragmentation of the Golgi complex after 1 d with
bicuculline, then reversal of fragmentation 2 d after
bicuculline removal. (Scale bar: 15 μm.) (B) Example
control neuron showing change in Mgat2–EGFP sig-
nal but lack of fragmentation. (C) Summary of data
from bicuculline-treated (green, n = 12) and control
(black, n = 4) neurons.

Fig. 5. Pretreatment with CaMK II/IV inhibitor KN-93 blocks bicuculline-induced Golgi fragmentation. (A) Immunostaining of hippocampal neurons (≥21 DIV)
with anti-GM130 (green) and anti-MAP2 (blue) with 3D reconstruction of anti-GM130 signal. The color of the distinct Golgi fragments corresponds to the
relative size of the fragment. (Scale bar: 10 μm.) (B) Quantification of number of distinct Golgi fragments from reconstructed anti-GM130 fluorescent signal.
Data shown are median and IR (control, n = 10; Bic, 1 d, n = 7; KN-93+Bic, 1 d, n = 5; Bic, 3 d, n = 6). (C and D) Quantification of surface area (μm2) and volume
(μm3) of Golgi fragments from reconstructed images.
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CaM kinase, thereby implicating this pathway in the underlying
mechanism of the observed fragmentation. Moreover, our findings
reveal a unique cell biological consequence of neuronal activity and
hyperexcitability on Golgi structure.

Implications for Hyperactivity and Seizures. Prolonged treatment
with bicuculline or removal of APV after extended exposure is
known to increase neuronal activity. For example, firing rates of
bicuculline-treated neurons rise significantly for acute treatment,
then decline to control levels after extended time of washout (34).
Also removal of APV after prolonged exposure results in in-
creased action potential firing (17). Such changes in firing rates
suggest homeostatic regulation in response to changes in neuronal
activity, although underlying cell biological consequences of such
hyperactivity are unknown. In this study we demonstrate activity-
dependent fragmentation of the Golgi apparatus in neurons by
treatment with bicuculline or removal of APV. It remains to be
determined whether this Golgi fragmentation is a pathological
consequence of increased activity or a mechanism of cell survival.
Regardless, disassembly of the Golgi complex is a hitherto un-
reported cellular mechanism that manifests in some hyperactivity
models, which mimic seizures and epilepsy. Additionally, we ob-
served Golgi fragmentation during prolonged hyperexcitability
from increased potassium concentration, which may be similar to
Golgi fragmentation observed in hyperexcitable neurons in some
neurodegenerative diseases. Better understanding of this basic
phenomenon of Golgi fragmentation and its implications will

provide insight into the cell biological consequences of neuronal
hyperexcitability and hyperactivity.

Implications of Golgi Fragmentation on Protein Trafficking. The
Golgi complex has important functions in protein processing and
sorting. It fulfills a central role in protein trafficking that follows
protein synthesis and processing in the endoplasmic reticulum and
precedes secretion or transport to the cell surface or lysosomes.
Therefore, disassembly of Golgi structure has potential implica-
tions on intracellular protein processing and trafficking.
In polarized cells such as neurons, sorting machinery of the Golgi

complex segregates protein cargo into distinct vesicles for sub-
cellular localization. Transport and targeting of proteins to the axon
and dendrites is crucial to maintain neuronal cell polarity. Consid-
ering these roles of the Golgi complex, alteration of Golgi structure
could impair the highly regulated programs of protein processing
and sorting to neuronal compartments. Interestingly, fragmentation
of the Golgi apparatus occurs during several neurodegenerative
diseases, which are characterized by deficient axonal transport and
accumulation of protein aggregates in the cell body (15). Although
activity-dependent Golgi fragmentation in neuronal soma could
broadly alter protein trafficking in neurons, it will be important to
determine if there are differential effects on axonal and dendritic
proteins. Presumably some dendritic proteins could be synthesized
locally and processed by Golgi outposts (35–37). Whether Golgi
outposts are affected under activity-dependent Golgi fragmentation
conditions is another interesting open question.

Implications for Intracellular Calcium.Calcium is an important second
messenger within cells, where many cellular functions are regulated
by the concentration of free cytosolic calcium. Calcium levels are
altered by influx from the extracellular space by activation of ion
channels or release from intracellular pools in the endoplasmic re-
ticulum, mitochondria, and Golgi complex (38–41). Because the
integrity of the Golgi complex is required for normal calcium sig-
naling and homeostasis (42, 43), fragmentation of the Golgi may
release calcium from its stores andmodify calcium signaling.Release
of calcium from intracellular pools is important for synaptic plasticity
(44, 45), secretion (46), and neurite growth (47) and also impacts
neurodegeneration (48). Thus, in addition to affecting protein traf-
ficking, neuronal activity-dependent Golgi fragmentation may cause
calcium release, resulting in further impacts on calcium signaling.

Materials and Methods
Materials. Chemical reagents used include bicuculline, DL-APV, TTX, KN-93,
and okadaic acid (Tocris). Immunologic reagents used include mouse anti-
GM130 (BD), mouse anti-rat TGN38 (BD), and rabbit anti-MAP2 (Chemicon)
antibodies. Goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor
647 secondary antibodies (Invitrogen) were also used.

Primary Cultures of Hippocampal Neurons. The use and care of animals in this
studyfollowstheguidelineof the InstitutionalAnimalCareandUseCommitteeat
the University of California, San Francisco. Hippocampal neuron primary cultures
from 19-d embryonic rats were prepared as previously described (49). Coverslips
(Warner Instruments)were pretreatedwith nitric acid andprecoatedwith poly-L-
lysine (0.1 mL/mL; Sigma-Aldrich). Each 12-mm coverslip was plated with 5 × 104.
Neurons were maintained in Neurobasal medium (Invitrogen) containing B27
extract (Invitrogen), 0.5 mMglutamine, 100 units of penicillin, and 100 μg/mL of
streptomycin. For hyperexcitable neurons, cultures were maintained in medium
with an additional 10 mMKCl. For transient transfection, neurons in culture at 9
DIV were treated with Opti-MEM containing Mgat2-EGFP plasmid, myristoy-
lated Td-Tomato plasmid, and Lipofectamine 2000 (Invitrogen).

Induction of Neuronal Activity in Primary Hippocampal Cultures and
Immunocytochemistry with Golgi Markers. Cultured hippocampal neurons
(≥21 DIV) were treated with bicuculline (20 μM) or DL-APV (200 μM). For TTX
or KN-93 pretreatment, TTX (1 μM) or KN-93 (5 μM)was added 20min before
bicuculline. For okadaic acid, 17 DIV neurons were treated with okadaic acid
(10 nM). For hyperexcitable conditions, KCl (10mM)was added. Neurons were
fixed with 4% (wt/vol) sucrose/4% (wt/vol) formaldehyde in PBS for 10 min at
room temperature. Samples were washed three times with PBS for 10 min

Fig. 6. Okadaic acid causes Golgi fragmentation in cultured hippocampal
neurons. Cultured hippocampal neurons (17 DIV) were treated with okadaic
acid (10 nM) or FK506 (100 nM) for 1 d, then returned to normal culture
medium for an additional day. (A) Immunostaining with anti-GM130 (green)
and anti-MAP2 (blue) with 3D reconstruction of anti-GM130 signal. The color
of the distinct Golgi fragments corresponds to the relative size of the frag-
ment. (Scale bar: 10 μm.) (B) Quantification of the number of distinct Golgi
fragments from reconstructed anti-GM130 fluorescent signal. Data shown
are median and IR (control, n = 11; OA, 1 d, n = 10; OA, 2 d, n = 9). (C)
Proposed Golgi fragmentation pathway during neuronal hyperactivity.
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each, then treated with block solution (5% (vol/vol) normal goat serum in
PBS) with 0.1% Triton X-100 for 1 h. Primary antibodies against GM130 or
TGN38 and MAP2 were diluted (1:500 for anti-GM130 or anti-TGN38 and
1:1,000 for anti-MAP2) in block solution and applied for 2 h. Cells were washed
three times with PBS for 10 min each. Secondary antibodies were diluted
(1:1,000 each) in block solution and applied for 1 h. Samples were washed
three times with PBS. The coverslips were mounted on glass slides. Images
were acquired on a Leica SP5 confocal microscope, with z-stacks of 0.17 μm.
Imaris software was used to quantify distinct Golgi fragments and for size
analysis. Images from 3D reconstruction shown in figures (Figs. 1A, 2A, 3A, 5A,
6A and Fig. S1) are color-coded (only for ease of visualization of fragments)
with spectrum coloring of red (largest fragment) to violet (for the smallest).

Live Time-Lapse Imaging. Cotransfected neurons (Mgat2-EGFP and myr-
istoylated Td-Tomato) were imaged by epifluorescence microscopy at 15 DIV.
Then at least half of the conditioned medium was removed and saved,

and bicuculline (20 μM) was added to the cells. After 1 d, the same neurons
were imaged before removal of the bicuculline-containing medium and
replacement with the conditioned medium. Two days later the cells were
imaged again. The numbers of distinct fragments of Mgat2–EGFP signal
were counted and compared with mock-treated cultures.

Data Analysis. Results are reported as median and IR; means and SD were not
used, as the datasets are not normally distributed. Comparisons of group
medians were performed with nonparametric Kruskal–Wallis with Dunns
posttest using Prism 5 (GraphPad Software), with differences considered
significant at P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001 in all graphs).
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