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The Golgi apparatus is a central hub in the intracellular secretory pathway. By 
positioning in the specific intracellular region and transporting materials to 
spatially restricted compartments, the Golgi apparatus contributes to the cell 
polarity establishment and morphological specification in diverse cell types. In 
neurons, the Golgi apparatus mediates several essential steps of initial neural circuit 
formation during early brain development, such as axon-dendrite polarization, 
neuronal migration, primary dendrite specification, and dendritic arbor elaboration. 
Moreover, neuronal activity-dependent remodeling of the Golgi structure enables 
morphological changes in neurons, which provides the cellular basis of circuit 
reorganization during postnatal critical period. In this review, I summarize recent 
findings illustrating the unique Golgi positioning and its developmental dynamics 
in various types of neurons. I also discuss the upstream regulators for the Golgi 
positioning in neurons, and functional roles of the Golgi in neural circuit formation 
and reorganization. Elucidating how Golgi apparatus sculpts neuronal connectivity 
would deepen our understanding of the cellular/molecular basis of neural circuit 
development and plasticity.
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1 Introduction

The Golgi apparatus is a compartmentalized membranous organelle arranged in the 
cytoplasm as a stack of flattened cis-, medial-, and trans-Golgi cisternae (Figure 1A). In the 
intracellular secretory pathway, newly synthesized proteins and lipids in the endoplasmic 
reticulum (ER) are packaged into membrane carriers and exit the ER from ER exit sites 
(ERES). These molecular cargoes proceed to the pleiomorphic intermediate compartments 
connecting the ER and Golgi (ER-Golgi intermediate compartment, ERGIC) and then enter 
the Golgi apparatus through the cis-face of the Golgi stack (Saraste and Marie, 2018; Nakano, 
2022). At the surface of the trans-most cisterna of the Golgi stack, there is a tubular and 
reticular structure termed the trans-Golgi network (TGN), which contains various budding 
carriers including clathrin-coated vesicles. Thus, TGN is thought to be the place of cargo 
sorting to send membrane carriers to appropriate subcellular destinations (Guo et al., 2014; 
Nakano, 2022). Lying as the central hub in the membrane trafficking, the Golgi apparatus plays 
a pivotal role in intracellular secretory pathway by modifying newly synthesized proteins and 
lipids, packaging molecular cargoes into secretory vesicles, and sorting vesicles to appropriate 
destinations (Figure 1A) (Guo et al., 2014; Boncompain and Weigel, 2018). Thus, positioning 
of the Golgi apparatus in the specific intracellular region can generate asymmetry in the 
membrane composition, and thereby contributing to the establishment of cell polarity in 
various cell types (Figure 1B) (Yadav and Linstedt, 2011; Ravichandran et al., 2020).
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Accumulating evidence illustrates that in various brain regions, 
the Golgi-mediated cell polarity is critically involved in specifying and 
remodeling neuronal morphology. While acquisition of proper axonal 
and dendritic morphologies is essential for neural circuit formation, 
remodeling of these structures in response to the external stimuli is 
essential for adaptive circuit reorganization (Goodman and Shatz, 
1993; Katz and Shatz, 1996). Therefore, clarifying the roles of the Golgi 
apparatus during neuronal maturation is a unique avenue to elucidate 
the cellular underpinnings of neural circuit development and plasticity.

Compared to other cell types in the body, neurons have 
extraordinarily complex morphology with multiple long and branched 
processes. Thus, their secretory system has enormous demands. For 
example, establishment of sophisticated neurite projection requires 
spatiotemporally coordinated membrane and molecular supply/
withdrawal tailored to extension/retraction events in every axonal and 
dendritic branch. Another example is that distinct sets of molecules 
should be transported to all excitatory and inhibitory post-synaptic 
membranes. Neurons have revolutionized their secretory system by 
having remote Golgi units in dendrites (termed Golgi outposts and 
Golgi satellites), in addition to their “canonical” perinuclear Golgi 
apparatus (Figure 2) (Horton et al., 2005; Mikhaylova et al., 2016; 
Kennedy and Hanus, 2019; Wang et al., 2020). These unique distal 
Golgi stations contribute to effective trafficking and processing of 
cargoes in the highly demanding secretory system in neurons.

In this review, I  summarize the characteristics of the Golgi 
apparatus positioning in various types of neurons and its dynamic 
changes during embryonic and early postnatal neuronal development. 
I also discuss the upstream regulators of Golgi positioning in neurons, 
and the roles of the Golgi apparatus in neuronal morphogenesis and 
functioning. I have arranged these topics in the order of developmental 
milestones observed during the different phases of neuronal 
maturation, including the axon-dendrite polarization, migration, 
primary dendrite specification, dendritic elaboration, activity-
dependent postnatal dendritic remodeling, and the plastic response to 
excitatory stimuli. This will allow a chronological overview of the 
function, regulation, and developmental transition of the neuronal 
Golgi during the initial formation of neural circuits and its postnatal 
reorganization. I also discuss a potential relationship between the 

plasticity of the neuronal Golgi and neurological disease-
associated alterations.

2 Golgi apparatus in neuronal 
polarization and migration

2.1 Determination of the axon-dendrite 
polarity

A neuron typically has a thin long axon and multiple relatively 
short but highly elaborate dendrites. Since axons and dendrites are the 
major sites of information transfer in neurons, it is critical for proper 
brain functioning that these neurites are appropriately projected to 
their target brain regions. Thus, determination of axon-dendrite 
polarity is controlled strictly by spatiotemporal mechanisms. Axon-
dendrite polarity is determined in the early phase of neuronal 
maturation (Arimura and Kaibuchi, 2007; Barnes and Polleux, 2009). 
Extensive studies using cultured neurons have shown that neurons 
initially form multiple short neurites, and then become polarized 
when one of these neurites is specified as an axon (Dotti et al., 1988; 
Arimura and Kaibuchi, 2007; Barnes and Polleux, 2009). The 
remaining neurites are subsequently elaborated and become dendrites. 
Using the Ti1 neuron in peripheral nervous system of embryonic 
grasshopper as a model, Lefcort and Bentley described that the Golgi 
apparatus, labeled by either wheat germ agglutinin or NBD-ceramide, 
is located proximally to the prospective axon-initiation site (Lefcort 
and Bentley, 1989). Further, they found that the centrosome, tubulin, 
and actin filaments co-localized with Golgi apparatus in the axon-
initiation site. Thus, the positioning of intracellular machineries and 
axon-initiation sites are spatially coupled. These in vivo results 
revealing the spatial relationships between the axon-initiation site and 
the Golgi apparatus positioning have been studied further using in 
vitro cultured neurons. In cultured mouse cerebellar granule cells and 
rat hippocampal neurons, the Golgi apparatus and the centrosome 
colocalize at the axon-initiation site (Zmuda and Rivas, 1998; de Anda 
et al., 2005). The cerebellar granule cells in culture show a multistep 
maturation, wherein they change from the unipolar stage with a single 

FIGURE 1

Functions of the Golgi apparatus and Golgi-mediated cell polarization. (A) Schematic of the intracellular secretory pathway. The Golgi apparatus is 
located at the center of membrane traffic, where newly synthesized proteins and lipids are modified and then packaged into vesicles for subsequent 
sorting to appropriate destinations via trans-Golgi network (TGN). ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate compartment. 
(B) Functional consequence of the Golgi positioning. Symmetric Golgi positioning within a cell leads to unbiased delivery of transport vesicles 
(indicated by arrows) and thus uniform plasma membrane composition throughout the cell (left). Asymmetric Golgi positioning within a cell leads to 
biased supply of vesicles (thick vs. dotted arrows) and thus uneven distribution of lipids and proteins, which generates a functionally distinct membrane 
domain and contributes to the cell polarity establishment (right, green shade).
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axon, to the bipolar stage with two axons before fully maturing to have 
the T-shaped parallel fiber axons and multiple dendrites (Powell et al., 
1997; Consalez et al., 2021). Interestingly, the Golgi apparatus is first 
positioned at the base of the first axon during the unipolar stage, and 
then it is found at the base of the second axon during the bipolar stage 
(Zmuda and Rivas, 1998). In the fully matured granule cell, the Golgi 
position is no longer correlated to either axon or dendrite roots, 
indicating that the Golgi position is spatiotemporally regulated to 
support axon initiation during an appropriate time window.

Considering that Golgi apparatus modulates the directionality of 
intracellular vesicle transport, one may think that the Golgi 
contributes to axon formation via selectively supplying the membranes 
and proteins necessary for axonogenesis. Indeed, an earlier attempt 
using cultured hippocampal neurons has visualized the selective 
accumulation of post-Golgi vesicles (labeled by fluorescent-dye 
conjugated ceramide) in the neurite with the largest growth cone, 
which is destined to become an axon (Bradke and Dotti, 1997). 
Moreover, treatment with brefeldin A (BFA), an inhibitor of Arf 
GTPases that regulate secretory trafficking, impairs axon initiation 
and elongation (Jareb and Banker, 1997). The key materials contained 
in the transport vesicles, which drive axon initiation/elongation, are 
lipids and membrane proteins. Since neurite elongation requires 
massive expansion of membrane surface area, supply of the 
phospholipids derived either from de novo synthesis or intracellular 
membrane reservoirs seems to be the primary contributor of axonal 
growth (Lecuit and Pilot, 2003; Pfenninger, 2009). Sending proper sets 
of membrane proteins to the axonal tip is also important. Elongating 
axons navigate through the intricate extracellular space and eventually 
reach the target neurons to make synaptic connections, which 
stabilizes axonal structure. Therefore, receptors, adhesion proteins, 
and synaptic organizers necessary for axon guidance and 
synaptogenesis should be  correctly expressed on the axonal tip 
(O’Donnell et al., 2009; Shen and Cowan, 2010). Excluding dendritic 
proteins from axonal compartment is also important, which is 
exemplified by the role of the protein kinase D (PKD). PKD is a 
protein kinase functioning at the Golgi apparatus. Silencing the PKD 
function causes mis-sorting of dendritic membrane receptors 

including transferrin receptor (TfR) and the low-density receptor-
related protein (LRP) to the axon, which results in the failure of single 
axon specification and neuronal polarity establishment (Bisbal et al., 
2008; Yin et al., 2008).

Subsequent research has identified molecular mechanisms 
regulating the membrane trafficking, which underlie axon formation 
and extension. The secretory pathway underlying axon development 
is composed of protein/lipid synthesis and modification at the ER and 
Golgi, vesicle budding from the Golgi, transport of the vesicles along 
axonal shaft, and vesicle fusion at the axonal growth cone (Pfenninger, 
2009). A small GTPase Sar1, which regulates ER-to-Golgi vesicle 
transport, accumulates in axon and facilitates axonal growth (Aridor 
and Fish, 2009). Rab6 promotes transport of synaptic vesicle 
precursors from the Golgi to axon and thus regulates axon 
specification (Zhang et al., 2024). Axonal transport of the vesicles 
relies on microtubule-based mechanisms. For example, kinesin, a 
microtubule plus end-directed motor, is required for axon initiation 
and elongation (Ferreira et al., 1992; Deng et al., 2014). Other than the 
motor proteins, Rab family GTPases are involved. For instance, Rab10 
is associated with plasmalemmal precursor vesicles and activated by 
Lgl1 (Wang et al., 2011). The activated Rab10 interacts with c-Jun 
N-terminal kinase-interacting protein 1 (JIP1), which, in turn, bind 
to kinesin-1 light chain, and thereby tethering the vesicles to the 
motor system (Deng et al., 2014). Knockdown of either Rab10, Lgl1, 
or JIP1 impairs neuronal polarity in vivo (Wang et al., 2011; Deng 
et al., 2014). Rab8 also regulates axon formation and elongation by 
promoting axonal transport in vitro (Huber et  al., 1995). The last 
critical step is the vesicle fusion to the axonal membrane at the growth 
cone. The vesicle docking to the axonal membrane is regulated by 
insulin-like growth factor 1 receptor (IGF1R)-phosphatidylinositol 
3-kinase (PI3K)-Akt pathway (Pfenninger et al., 2003; Laurino et al., 
2005; Pfenninger, 2009). In addition, inhibition of the function of 
SNAP-25, one of the SNARE (soluble N-ethylmaleimide-sensitive-
factor attachment receptor) complex proteins, reduces neurite 
extension, indicating the SNARE-based fusion machinery is required 
for the insertion of the vesicles to axonal membrane (Osen-Sand 
et al., 1993).

Altogether, these findings support that, during axon specification, 
post-Golgi vesicles are preferentially transported to the neurite 
destined to become the axon, where they supply materials for further 
axonal growth.

2.2 Control of the neuronal migration

After differentiating from neuronal progenitors, the neurons 
migrate toward the distant region from their birth place. The radial 
migration of the glutamatergic excitatory neurons in the mammalian 
cerebral cortex is one of the best studied models for such neuronal 
migration (Marín et  al., 2010; Evsyukova et  al., 2013). Cortical 
excitatory neurons are generated from progenitor cells located at the 
ventricular side of the cerebral wall in the embryonic dorsal 
telencephalon and then migrate radially toward the surface of the 
cortex to form the six-layered cerebral cortex (Figure 3A) (Marín 
et al., 2010; Evsyukova et al., 2013). During their journey, neurons 
change their morphology from multipolar to bipolar shape with 
leading and trailing processes, which eventually develop into dendrites 
and the axon, respectively (Figure 3B) (Marín et al., 2010; Valiente and 

FIGURE 2

Organization of the Golgi apparatus in neurons. Neurons typically 
have the Golgi apparatus at the perinuclear region in their soma 
(somatic Golgi). In addition, neurons have remote Golgi stations. The 
Golgi outposts are usually found in the proximal region of the 
dendrites in mammalian neurons. The Golgi satellites are more 
widely distributed in dendrites including the distal segments.
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Marín, 2010; Evsyukova et al., 2013). The bipolar migration mode (or 
locomotion mode) relies on the basal processes of radial glial cells, 
which span the entire cerebral wall and serve as the scaffold for radial 
neuronal migration (Figure 3A). In situ visualization of the Golgi 
apparatus reveals that, during the multipolar migration stage, the 
compact-shaped Golgi is positioned at the apical side of the nuclei 
(Figure 3B) (Jossin and Cooper, 2011) (In this review, the term “apical” 
for describing the Golgi position is adopted from the apical-basal axis 
of the dendrite orientation of mature cortical excitatory neurons). 
During the bipolar migration stage, the Golgi is still positioned at the 
apical side of the nuclei, but shows rod-like shape extending into the 
leading process (Figure 3B) (Nichols and Olson, 2010; Franco et al., 
2011). These neurons start to elaborate their dendrites to 
be incorporated into the neocortical circuits after completing radial 
migration and settling down at their destination (their target cortical 
layer). Pyramidal neurons, which have a prominent apical dendrite, 
usually retain the apical Golgi positioning until the postnatal stage 
(Miao et al., 2013; Nakagawa and Iwasato, 2023). Whereas, stellate 
neurons exhibit a neuronal activity-dependent change in Golgi 
distribution (Nakagawa and Iwasato, 2023), which will be described 
in detail later in section 4.1.

The gamma-aminobutyric acidergic (GABAergic) inhibitory 
interneurons also show characteristic migration pattern before 
reaching their final destination. Cortical interneurons are born from 
progenitors at the ventricular zone of the ganglionic eminence in the 
subpallium (Marín et al., 2010; Evsyukova et al., 2013; Guo and Anton, 
2014). Subsequently, they undergo a tangential, long-distance 
migration toward the dorsal telencephalon (Figure  3A). They 
eventually reach their intended regions in the cortical plate after a 
brief radial migration (Guo and Anton, 2014; Wamsley and Fishell, 
2017). During tangential migration, interneurons exhibit bipolar 
morphology and their leading process undergoes continuous 
morphological changes, with extensive bifurcations searching for 

molecular cues (Figure  3A) (Valiente and Marín, 2010; Guo and 
Anton, 2014). An ultrastructural study has shown that the Golgi 
apparatus, together with the centrosome, is positioned in the 
characteristic swelling in the leading process of migrating interneurons 
(Figure 3B) (Bellion et al., 2005). Furthermore, live-imaging analyses 
revealed that when interneurons bifurcate the leading process to 
change their direction, the Golgi apparatus translocates into one of the 
branches, in a manner preceding the movement of the nucleus into 
that branch (Yanagida et al., 2012).

Taken together, in both migrating cortical excitatory and 
inhibitory neurons, the Golgi is positioned at the base of or inside the 
leading processes. Given that the leading process senses the 
extracellular guidance cues during migration, the Golgi may fuel the 
sensing activity by transporting the necessary materials to the 
cellular antennae.

How is the strategic Golgi positioning regulated in migrating 
neurons? Studies on the radial migration in the cerebral cortex have 
revealed several molecular players regulating the Golgi localization in 
neurons. One well studied upstream regulator is Reelin, a soluble 
protein secreted from Cajal–Retzius cells in the developing brain 
(D’Arcangelo et al., 1995; Ogawa et al., 1995; Rice and Curran, 2001). 
Reelin binds to the neuronal very low density lipoprotein receptor 
(VLDLR) and apolipoprotein receptor 2 (ApoER2) and activates 
intracellular adaptor disabled homolog 1 (Dab1) to regulate migration, 
laminar organization, and morphological maturation of neurons 
(Howell et al., 1999; D’Arcangelo et al., 1999; Hiesberger et al., 1999). 
Genetic ablation of Reelin or inhibition of the downstream effector 
Rap1 causes abnormal Golgi positioning and morphology in radially 
migrating cortical neurons, which is accompanied by defects in 
neuronal orientation, migration and layer formation (Matsuki et al., 
2010; Nichols and Olson, 2010; Jossin and Cooper, 2011; O’Dell et al., 
2012). However, it remains unclear how Reelin signal modulates Golgi 
positioning and morphology in migrating neurons. Additionally, 

FIGURE 3

Golgi localization in migrating neurons in the developing cerebral cortex. (A) Schematic of the developing mouse cerebral cortex. Radial glial cells 
(RGCs) with their basal process (bp), excitatory neurons (ENs) in their multipolar and bipolar radial migration phases, and inhibitory interneurons (INs) in 
their tangential migration phase are shown. CP, cortical plate; IZ, intermediate zone; MZ, marginal zone; SP, subplate; SVZ, subventricular zone; VZ, 
ventricular zone. (B) The localization of the Golgi apparatus in migrating ENs and INs. In migrating ENs during the multipolar phase, the Golgi apparatus 
(GA) is positioned at the apical side of the nuclei and shows a compact shape. During the bipolar phase, the Golgi in ENs keeps their apical positioning, 
but shows rod-like shape extending into the leading process. Note that the term “apical” for describing the Golgi position is adopted from the apical-
basal axis of the dendrite orientation of mature cortical excitatory neurons. In migrating INs, the Golgi is positioned in the characteristic swelling in the 
leading process.
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Bicaudal-D2, an adaptor protein that activates the microtubule-based 
motor dynein, is necessary for the elongation of Golgi into the leading 
process (Will et al., 2019). Thus, the minus-end directed motor activity 
on the microtubule fiber is involved in proper Golgi positioning in 
migrating neurons. Physical changes in the extracellular environment 
are also indirectly involved in the regulation of Golgi positioning in 
migrating neurons. For instance, in polymicrogyria-associated mutant 
mice, the basal processes of radial glial cells detach from the pial 
basement membrane and lose their scaffolding function. In this 
situation, migrating neurons are not able to maintain their bipolar 
morphology; moreover, the Golgi apparatus shows compact shape at 
the perinuclear region instead of extending into the leading process 
(Nakagawa et al., 2015).

To understand the precise role of the Golgi apparatus in neuronal 
migration, it is necessary to directly disrupt the Golgi apparatus 
structure/function, instead of manipulating upstream signaling 
pathway that can influence irrelevant downstream effectors causing 
off-target effects. There are a few existing studies which directly 
disrupt the Golgi apparatus structure/function. For example, Matsuki 
et al. has shown that knockdown of GM130, a Golgi matrix protein 
necessary for the Golgi ribbon (laterally connected Golgi stacks) 
formation (Puthenveedu et al., 2006), disrupts radial migration of 
cortical excitatory neurons (Matsuki et  al., 2013). The membrane 
trafficking function of the Golgi apparatus is also essential for 
appropriate neuronal migration. Li et al. showed that Sar1b, a small 
GTPase involved in the anterograde transport from the ER to the 
Golgi, is required for multipolar-to-bipolar transition of the migration 
mode in neurons (Li et  al., 2020). Additionally, Hara et  al. have 
demonstrated that another small GTPase ADP ribosylation factor 4 
(Arf4) localizes at the Golgi apparatus, as well as TGN and recycling 
endosomes in the migrating neurons (Hara et al., 2023). Inhibiting 
Arf4 disturbs radial migration of cortical neurons by reducing the 
surface expression of N-cadherin (Hara et al., 2023), which is a key 
adhesion molecule in radial migration (Kawauchi et al., 2010; Jossin 
and Cooper, 2011). Altogether, these findings clearly align with the 
idea that the proper positioning and membrane trafficking function 
of the Golgi apparatus control neuronal migration in the 
developing brain.

3 Neuronal Golgi in dendrite 
specification and elaboration

3.1 Specification of primary dendrite

Most neurons show developmentally programmed, cell type-
specific, and stereotyped dendrite morphology. For example, the 
pyramidal neuron in the cerebral cortex has a single long and thick 
apical dendrite, and multiple relatively thin and short basal dendrites. 
The role of the Golgi apparatus in sculpting such characteristic 
dendritic architecture, especially in the specification of the primary 
dendrite (e.g., the apical dendrite of pyramidal neurons), is well 
studied. In neurons that have a single primary dendrite—such as 
pyramidal neurons in the hippocampus CA1 and cerebral cortex 
Layer (L)2/3 and L5 (Horton et al., 2005; Matsuki et al., 2010; Miao 
et al., 2013), adult-born granule cells in the hippocampal dentate 
gyrus (Huang et al., 2014; Rao et al., 2018), and Purkinje cells in the 
cerebellum (Liu et al., 2017; Tanabe et al., 2010)—the Golgi apparatus 

preferentially localizes at the base of the primary dendrite (Figure 4). 
Furthermore, the Golgi often elongates into the proximal part of the 
primary dendrite, which is called the dendritic deployment of the 
Golgi apparatus (Figure 4). An intriguing question, here, is whether 
the Golgi is recruited to the established primary dendrite or the Golgi 
position determines the primary dendrite-initiation site. To address 
this question, using in vitro cultured neurons, researchers performed 
the simultaneous live-imaging of the neuronal morphology and Golgi 
distribution (Wu et al., 2015), or they analyze the in vitro or in vivo 
spatial relationship between the dendrites and Golgi at different 
sequential developmental timepoints (Horton et al., 2005; Tanabe 
et al., 2010). Such studies suggest that the Golgi positioning precedes 
the primary dendrite specification (Horton et al., 2005; Tanabe et al., 
2010; Wu et  al., 2015). Therefore, during the primary dendrite 
specification, it is likely that the Golgi apparatus first translocates to 
the specific intracellular subdomain in neurons, and then the 
dendrite initiated from that domain is exclusively elaborated to 
become the primary dendrite. In agreement with this story, when the 
Golgi is experimentally dispersed in the soma and thus loses its 
specific localization, the neuron no longer specifies single neurite as 
primary dendrite, and instead, shows multiple dendrites with similar 
length and complexity (Horton et al., 2005; Wu et al., 2015).

How are the polarized Golgi distribution and dendritic Golgi 
deployment regulated? The Reelin signaling pathway—mentioned 
earlier, which regulates the Golgi positioning in migrating neurons—
importantly regulates the Golgi polarization during primary dendrite 
specification. In the hippocampal CA1 neuron and cortical pyramidal 
neurons, the absence of Reelin signaling impairs the Golgi polarization 
and elongation into the apical dendrite (Matsuki et al., 2010; Franco 
et al., 2011; Meseke et al., 2013). Reelin binding to neuronal receptors 
VLDLR and ApoER2 eventually leads to an activation of αPIX, a 
Rac1/Cdc42-specific guanine nucleotide-exchange factor (GEF). αPIX 
in turn activates small GTPases Cdc42 and Rac1, both of which 
regulate the dendritic Golgi deployment (Meseke et al., 2013).

Studies using different model systems reveal several more molecular 
regulators of Golgi polarization occurring during dendrite specification. 
In hippocampal pyramidal neurons, the liver kinase B1 (LKB1)-serine/
threonine-protein kinase 25 (STK25)-GM130 axis is required for the 
Golgi deployment into the primary dendrite (Matsuki et al., 2010). This 
pathway works antagonistically with Reelin signaling. In this situation, 
the scaffolding function of STK25 (but not its kinase activity) is 
importantly involved (Matsuki et  al., 2010). Moreover, cytoskeletal 
regulators—including doublecortin, kinesin, RhoA, LIM domain kinase 
1 (LIMK1), and coffilin—also participate in the dendritic Golgi 
deployment (Rosso et al., 2004; Quassollo et al., 2015; Li et al., 2021).

The adult-born granule cell in hippocampal dentate gyrus is also 
used as a model system to study the primary dendrite specification. The 
immature adult-born granule cell initially has multiple short dendrites. 
During maturation, one of these short dendrites is elaborated to form 
the primary dendrite directed toward the molecular layer; while the 
other short dendrites are eliminated during maturation (Rao et al., 
2018). LKB1 is required for the Golgi deployment into the primary 
dendrite and for the proper orientation of the primary dendrite toward 
the molecular layer (Huang et  al., 2014). STK25-STE20-related 
pseudokinase (STRAD) complex is also required for Golgi polarization 
into the primary dendrite (Rao et al., 2018). Knockdown of either 
STK25 or STRAD causes abnormal dendrite morphology, it especially 
causes defects in dendrite elimination (Rao et al., 2018).
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Purkinje cells in the cerebellum show a prominent primary 
dendrite with extensively branched arbors, and thus used as a model 
to examine dendrite specification mechanisms. During development, 
Purkinje cells initially have multiple short dendrites, and then retract 
all but one, which is eventually elaborated to be the primary dendrite 
(Tanabe et al., 2010; Takeo and Yuzaki, 2021). Tanabe et al. 2010 have 
shown that the Golgi apparatus is localized at the base of the primary 
dendrite in zebrafish cerebellar Purkinje cells. They showed that Golgi 
polarization, which is regulated by atypical protein kinase C (aPKC) 
(a Par complex component), precedes the specification of the primary 
dendrite (Tanabe et al., 2010). Liu et al. (2017) have reported that 
mouse cerebellar Purkinje cells also show apical Golgi localization 
including deployment into the proximal part of the primary dendrite. 
This apical Golgi polarity is perturbed in GM130 knockout mice, 
which is accompanied by severe dendritic atrophy in Purkinje cells, as 
well as Purkinje cell loss and ataxia (Liu et al., 2017).

Collectively, although some are shared, diverse molecular pathways 
are identified from different types of neurons. Integrative and 
comparative analyses of results obtained using different model systems 
will help elucidate the entire molecular landscape, including shared and 
cell type-specific pathways, which regulates Golgi polarization occurring 
during dendrite specification. It is worth noting that the primary 
dendrite specification and the axon specification (described in section 
2.1) have some degree of interdependence with shared regulatory 
mechanisms. For example, augmentation of Stk25 function or lack of 
Reelin signaling leads to impaired dendritic Golgi extension, as well as 
multiple axon induction in hippocampal neurons (Matsuki et al., 2010).

3.2 Dendritic arbor elaboration

After the overall dendritic pattern is determined, the neurons 
acquire the mature and functional dendritic architecture by further 
dendritic arbor elaboration (elongation, branching, and spine 
formation). The Golgi apparatus supports such dendritic arbor 
elaboration by directional vesicle transport. Indeed, live-imaging of 
the post-Golgi carriers in cultured neurons reveals that fluorescently-
labeled cargo proteins exiting from the Golgi are transported into the 
dendrites (Horton et al., 2005; Al-Bassam et al., 2012). Interestingly, 
in the neurons that exhibit primary dendritic Golgi polarization, the 

post-Golgi carriers preferentially move toward the primary dendrite 
(Horton et  al., 2005). In contrast, in neurons that do not show 
apparent distribution bias of the Golgi apparatus, the post-Golgi 
carriers seem to evenly enter every dendrite (Al-Bassam et al., 2012). 
These observations imply that, by positioning to the proper subcellular 
domain, the Golgi apparatus efficiently sorts the limited resources in 
the cell to specific dendrite(s) which needs to grow more extensively 
than the others at the particular developmental stage. The dendrites 
with the Golgi deployment are indeed longer and more complex than 
those lacking Golgi (Horton et al., 2005).

The requirement of the Golgi-mediated secretory trafficking for 
the dendrite growth has been directly tested by pharmacologically or 
genetically blocking the secretory pathway. In developing cultured 
hippocampal neurons, BFA treatment results in a severely defective 
dendritic outgrowth (Horton et al., 2005). Genetic inactivation of the 
proteins which are involved in the anterograde cargo transport, such 
as Arf1, PKD, and Sar1, causes a significant reduction in dendrite 
length (Horton et  al., 2005; Ye et  al., 2007). Similar experimental 
strategies were applied to mature neurons to assess the involvement of 
secretory system on the maintenance of the dendrites. In mature 
neurons in vitro, BFA treatment and PKD inhibition significantly 
reduces the dendrite length (Horton et al., 2005; Czöndör et al., 2009). 
These studies clearly illustrate the reliance of both dendrite formation 
and maintenance on the Golgi-mediated secretory trafficking.

In dendrites, there are small and discrete Golgi units, which are 
separated from the somatic Golgi apparatus. These units are called 
Golgi outposts and act as local stations in dendrites in the neuronal 
secretory pathway (Figures 2, 5) (Kennedy and Hanus, 2019; Valenzuela 
and Perez, 2015). In mammalian neurons, the Golgi outposts are 
spatially restricted to the proximal part of the primary dendrite 
(Figure 2) (Horton et al., 2005; Quassollo et al., 2015; Bowen et al., 
2017). These Golgi outposts are generated by fission events at the tip of 
the tubular structure of the somatic Golgi that is elongating into the 
primary dendrite, and then they are transported distally (Quassollo 
et al., 2015). Golgi outpost generation is regulated by the RhoA-Rock 
signaling pathway, together with LIMK1, PKD1, slingshot, cofilin, and 
dynamin (Quassollo et al., 2015). In contrast to mammalian neurons, 
dendritic arborization (da) neurons in Drosophila melanogaster show 
abundant Golgi outposts distributed throughout the entire 
dendritic arbor length from proximal to distal dendrites (Figure 5) 

FIGURE 4

Golgi positioning in diverse types of neurons during the primary dendrite specification. (A) Schematic of the sagittal section of the mouse brain. The 
Golgi localization in the neurons in indicated brain regions are described in (B). (B) The typical dendritic morphology (left) and the reported localization 
of the somatic Golgi apparatus (GA) (right) in cerebral cortex layer 2/3 (L2/3) and L5 pyramidal cells, hippocampal CA1 pyramidal cells, adult-born 
hippocampal dentate gyrus granule cells, and cerebellar Purkinje cells. These neurons typically have a single primary dendrite and the Golgi apparatus 
preferentially localizes at the base of the primary dendrite. The Golgi apparatus often elongates into the proximal part of the primary dendrite (dendritic 
Golgi deployment). AD, apical dendrite; BD, basal dendrite.
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(Ye et al., 2007). Taking advantage of this feature, the function of the 
Golgi outposts has been primarily examined using Drosophila da 
neurons. It has been found that the Golgi outposts are preferentially 
localized at the dendritic branch point in class IV da neurons. 
Furthermore, the dynamics of the Golgi outposts correlate with the 
dendritic branching behaviors. That is, the de novo generation/distal 
movement or disappearance/proximal movement of the Golgi outposts 
is followed by dendrite extension or retraction, respectively (Ye et al., 
2007). The distribution and dynamics of the Golgi outposts within 
dendrites are coordinated by the balanced action of dynein and kinesin 
motors (Ye et al., 2007; Lin et al., 2015; Kelliher et al., 2018). The distal 
movement is regulated by the dynein system, wherein the Golgi outposts 
are tethered on dynein/dynactin complex by Lava lamp and this 
interaction is antagonized by Leucine-rich repeat kinase (Lrrk) proteins 
(Ye et al., 2007; Lin et al., 2015). Whereas, the proximal movement is 
directed by kinesin-1, which is normally suppressed by autoinhibition of 
kinesin-1 to prevent mis-localization of the Golgi outpost to the axon 
(Kelliher et al., 2018). Laser-mediated ablation of the Golgi outposts leads 
to reductions of both extension and retraction of dendritic branches. This 
demonstrates the importance of the Golgi outposts in dendritic 
branching dynamics and arborization (Ye et al., 2007). Moreover, cargo 
proteins are indeed released from the dendritic Golgi outposts (Horton 
et al., 2005), suggesting that the secretory function of the Golgi outposts 
participates in the dendritic branching. The microtubule-nucleating 
function is another important aspect of the Golgi outposts. The Golgi 
apparatus acts as a non-centrosomal microtubule organization center 
(Chabin-Brion et al., 2001; Efimov et al., 2007; Wu and Akhmanova, 
2017). Ori-McKenney et  al. (2012) showed that Golgi outposts can 
directly nucleate microtubules in dendrites, which contributes to the 
extension and stabilization of dendritic branch (Figure 5). Therefore, the 
dendritic Golgi outposts serve as the remote machinery that fine-tunes 
dendritic architecture and complexity.

4 Neuronal Golgi in 
activity-dependent plasticity

4.1 Activity-dependent dendrite patterning

The rough framework of the neural circuit, including initial 
projection pattern of neuronal axons and dendrites, are formed during 

embryonic stages, which largely depends on the genetic programs 
(e.g., gradient of diffusible morphogens and area/cell type-specific 
transcription factor expression) (Greig et al., 2013; Cadwell et al., 
2019). Subsequently, during the postnatal stage, neural circuits 
undergo extensive refinement, which is achieved by morphological 
and functional remodeling of neurons. This postnatal neuron 
remodeling is critically dependent on the neuronal activity evoked 
either spontaneously or by extrinsic stimuli (Goodman and Shatz, 
1993; Katz and Shatz, 1996; Wong and Ghosh, 2002). Remodeling of 
dendrites is one of the key cellular mechanisms for postnatal circuit 
refinement, which enables reinforcement and elimination of specific 
and non-specific synaptic connections, respectively, thereby 
optimizing receptive fields of the neuron (Wong and Ghosh, 2002; 
Nakagawa and Iwasato, 2024). The rearrangement of the dendrite 
structure is thought to be  a general strategy for sculpting mature 
connectivity in the nervous system as it is conserved across diverse 
neuronal types, brain regions, and species (Cline, 2001; Wong and 
Ghosh, 2002; Emoto, 2011).

Recently, the Golgi apparatus, especially its developmental 
dynamics, has been shown to play an instructive role in the postnatal 
dendrite rearrangement (Nakagawa and Iwasato, 2023). The evidence 
is obtained from the study using mouse barrel cortex—a major part 
of the primary somatosensory cortex, which processes whisker-
derived tactile information. The L4 spiny stellate neurons in the barrel 
cortex undergo extensive refinement of their basal dendrites during 
the first postnatal week to acquire an asymmetric dendritic projection 
toward a single barrel, which specifically processes sensory 
information from corresponding single whisker (reviewed in Iwasato, 
2020; Nakagawa and Iwasato, 2024). In L4 spiny stellate neurons, the 
Golgi apparatus initially resides in the apical domain until around 
postnatal day 3 (P3), then translocates to the lateral domain, especially 
toward a single barrel by P5 (Figure 6) (Nakagawa and Iwasato, 2023). 
Thus, L4 spiny stellate neurons show an apical-to-lateral shift of the 
Golgi polarity, and the resulting lateral Golgi polarity diminishes 
along with the completion of dendritic refinement, by the third 
postnatal week (Figure 6). This lateral Golgi polarization is dependent 
on the N-methyl-D-aspartate-type glutamate receptor (NMDAR) 
activity induced by presynaptic thalamocortical inputs. In the barrel 
cortex L4, there is a patchwork-type spontaneous neuronal activity 
during the first postnatal week, wherein the L4 excitatory neurons 
within the same barrel fire synchronously (Mizuno et  al., 2018; 

FIGURE 5

Role of the Golgi outpost in the dendrite branch formation. The class IV dendritic arborization (da) neurons in Drosophila melanogaster typically have 
Golgi outposts throughout their dendritic structures including proximal and distal parts. By acting as a non-centrosomal microtubule nucleation site, 
these Golgi outposts facilitate the dendrite branching and therefore the complex dendritic arborization of da neurons.
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Nakazawa et  al., 2020). During this period, the presynaptic 
thalamocortical axon terminals that belong to the same barrel also fire 
synchronously (Mizuno et  al., 2018). Thus, in L4 spiny stellate 
neurons, the basal dendrites formed on the barrel-side seem to receive 
strong synchronous inputs, which likely create NMDAR signaling 
gradients and thereby generate lateral Golgi polarity. The laterally 
polarized Golgi is necessary for the L4 spiny stellate neurons to 
acquire asymmetric basal dendrite projection toward single barrels, as 
well as the specific response to principal whisker stimulation 
(Nakagawa and Iwasato, 2023). The secretory function of the Golgi is 
likely involved in this dendrite asymmetry formation. This is 
evidenced by the fact that the dendritic trees that contain the Golgi at 
their base (or inside) are more elaborated than those without Golgi 
(Nakagawa and Iwasato, 2023). Neuronal activity-mediated Golgi 
re-distribution illustrates that the Golgi apparatus is not static but 
plastic even in postnatal stages. Postnatal Golgi plasticity can serve as 
a cellular basis in adaptive remodeling of brain circuitry and functions.

4.2 Activity-induced Golgi fragmentation 
and Golgi satellite formation

Several lines of evidence indicate that the Golgi apparatus 
structure and function in neurons are modulated by non-physiological 
(experimental or disease-associated) hyperexcitation. For example, 
hippocampal and cortical neurons in culture show fragmentation of 
the Golgi apparatus when treated with elevated potassium ion 
concentration, which recapitulates hyperexcitable condition (Thayer 
et al., 2013; Mohamed et al., 2017). The Golgi fragmentation is also 
observed upon experimental activation of neurons, such as treatment 
with GABAA receptor antagonist bicuculline or removal of NMDAR 
antagonist APV after its prolonged exposure (Thayer et al., 2013). This 
experimental Golgi fragmentation is reversible, and dependent on 

Ca2+/calmodulin-dependent protein kinase (CaMK) II/IV (Thayer 
et al., 2013). High potassium treatment activates cyclin-dependent 
kinase 5 (Cdk5) (Mohamed et al., 2017), which may be mediated by 
Ca2+ influx-activated calpain (Lee et  al., 2000). Activated Cdk5 
phosphorylates GM130 (Sun et  al., 2008; Mohamed et  al., 2017). 
GM130 phosphorylation causes the Golgi fragmentation during 
mitosis (Lowe et  al., 1998). Thus, neuronal hyperactivation and 
subsequent Ca2+ influx leads to activation of CaMKII/IV and Cdk5 
pathways, which act in concert or in parallel to cause the Golgi 
fragmentation in neurons.

The results of the above studies conducted using a cellular 
model provide implications into some disease-associated Golgi 
abnormalities. For instance, epilepsy is a complex neurological 
disorder accompanied by recurrent seizures due to 
hypersynchronous activation of neurons (Stafstrom and Carmant, 
2015). The Golgi apparatus is fragmented and scattered throughout 
the soma of the neocortical pyramidal neurons in human patients 
with intractable epilepsy (Skupien-Jaroszek et  al., 2023). 
Experimental induction of epileptic seizures in rats by kainic acid 
injection recapitulates the Golgi fragmentation in hippocampal 
pyramidal and dentate gyrus granule neurons (Skupien-Jaroszek 
et al., 2023). Moreover, in vitro cultured hippocampal and cortical 
neurons also show the Golgi fragmentation upon kainic acid 
treatment (Kaneko et  al., 2016; Skupien-Jaroszek et  al., 2023). 
Kainic acid-induced Golgi dispersion is largely rescued by either 
treating with an antiepileptic drug or chelating intracellular Ca2+ 
(Kaneko et  al., 2016; Skupien-Jaroszek et  al., 2023). Kainic acid 
treatment results in a reduction of the protein amount of GM130 
(Kaneko et  al., 2016). Thus, Ca2+ influx followed by neuronal 
hyperexcitation somehow reduces the GM130 protein level, which 
can cause Golgi fragmentation in the brains of patients with epilepsy.

Besides epilepsy, the Golgi fragmentation in neurons is observed 
in many neurodegenerative disorders, including Alzheimer’s disease, 

FIGURE 6

Neuronal activity-dependent shift of the Golgi polarity during postnatal circuit reorganization. In the barrel cortex layer 4 (L4), spiny stellate neurons (a 
major subtype of the excitatory neurons in the barrel cortex L4) initially have the Golgi apparatus (GA) in the apical side of the soma (apical Golgi 
polarity) (birth). During postnatal development, these neurons break down the initial apical polarity and shift it to the lateral direction, which is oriented 
toward a single barrel (the region where the target thalamocortical axon terminals are clustering). The Golgi is often deployed into the dendrite(s) that 
is extending toward the barrel. Finally, after the completion of circuit reorganization, spiny stellate neurons decrease the lateral Golgi polarity (adult).
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Parkinson’s disease, and amyotrophic lateral sclerosis (ALS) (Stieber 
et al., 1996; Fujita and Okamoto, 2005; Fujita et al., 2006; Tomás et al., 
2021; Caracci et al., 2019). Considering that the hyperexcitability of 
neurons is a common hallmark among these neurodegenerative 
disorders (DeLong and Wichmann, 2007; Geevasinga et al., 2016; 
Targa Dias Anastacio et al., 2022), the above-described, abnormal 
hyperactivity-induced mechanisms of the Golgi fragmentation may 
be shared in deteriorated neurons in these disorders.

In contrast to the well-documented morphological defects of the 
Golgi in neurological disorders, our understanding about how these 
Golgi defects relate to disease pathogenesis is still limited. So far, 
we know that Golgi fragmentation perturbs the distribution of Golgi-
resident enzymes and hence the glycosylation during secretory 
pathway (Puthenveedu et  al., 2006). Moreover, in regard to the 
Alzheimer’s disease, the Golgi fragmentation enhances amyloid beta 
production and tau secretion, which may accelerate the disease 
progression (Joshi et al., 2014; Mohamed et al., 2017). Further studies 
are required to connect the hyperexcitability-induced or pathological 
Golgi alterations to the cellular pathogenesis of neurological disorders.

Another kind of Golgi alteration triggered by neuronal activity is 
the formation of the Golgi satellites in dendrites. The Golgi satellites 
are typically smaller than the Golgi outposts and widely distributed 
throughout the dendrites of mammalian neurons, including secondary 
and tertiary arbors, with less preference to the dendritic branchpoint 
(Mikhaylova et al., 2016). The Golgi satellites contain glycosylation 
enzymes (e.g., sialyltransferase) but lack conventional marker proteins 
for somatic Golgi and Golgi outposts, such as GM130 (Mikhaylova 
et al., 2016). In cultured rat cortical neurons, excitatory stimulation 
enhances the formation of Golgi satellites (Govind et al., 2021). Newly 
synthesized cargo proteins pass through the dendritic Golgi satellite 
before reaching the plasma membrane (Mikhaylova et  al., 2016; 
Govind et al., 2021). The Golgi satellites also seem to be engaged in 
the recycling of neurotransmitter receptors and conversion of the 
surface glycoproteome to more complex form (Mikhaylova et  al., 
2016; Govind et al., 2021). Thus, the Golgi satellites serve as the micro-
secretory system in dendrites, which enables local activity-dependent 
remodeling of the post-translational modification and combination of 
the neuronal surface proteins in response to the local demands.

5 Future perspective and conclusion

In this review, I have summarized the characteristic localization 
of the Golgi apparatus and Golgi-related structures (Golgi outposts 
and satellites) in neurons during each developmental milestone, 
including the axon specification, migration, primary dendrite 
specification, dendrite arbor elaboration, postnatal dendrite 
remodeling, plastic response to excitatory stimuli, and alterations in 
neurological disorders. The molecular mechanisms regulating the 
Golgi distribution and functional roles of the Golgi apparatus in 
neurons are also discussed at each developmental stage.

The research on the Golgi apparatus as an organelle has a long 
history, starting from its discovery by Camillo Golgi in 1898, and the 
roles played by the neuronal Golgi in the initial neural circuit formation 
are extensively studied. Especially, the distribution and function of the 
Golgi in earlier (mostly embryonic) developmental events in neurons, 
such as initial polarization, migration, and dendrite specification/
elaboration, are relatively well characterized. In contrast, recent 
discoveries reveal that the Golgi apparatus is critically involved in 

activity-dependent remodeling of neuronal morphology/function 
during postnatal neural circuit reorganization, in addition to its roles 
in the genetically programmed early developmental events. The plastic 
nature of the Golgi apparatus in physiological condition is just being 
unraveled. For example, the Golgi polarity shift that regulates dendrite 
remodeling has only been described in the mouse barrel cortex L4 
spiny stellate neurons at this moment (Nakagawa and Iwasato, 2023). 
Further efforts will be needed to examine whether this Golgi polarity 
shift and its associated roles are conserved across different types of 
neurons in different brain areas or across species. Moreover, the 
activity-induced Golgi satellite formation that remodels dendritic 
surface glycoproteome is currently only shown in in vitro cultured 
neurons (Govind et al., 2021). It will be intriguing to examine whether 
and how this system is implemented to support adaptive changes in 
neurons in vivo. Accumulating molecular insights on plastic changes 
of the Golgi apparatus will bring clues from a different angle which will 
deepen our understanding of the causal relationships between the 
Golgi abnormalities and cellular pathogenesis of devastating 
neurological disorders.

In future, the study on the Golgi apparatus in neural circuit 
formation and function needs to unravel the following points. First, it 
is important to reveal the molecular nature of the secretory function of 
the Golgi apparatus. We now know that the secretory vesicles derived 
from the Golgi play critical roles in various developmental events, such 
as specification and elaboration of the axon and dendrites. However, are 
there any key molecules in the secretory vesicles, which play major role 
in a particular developmental event? We also do not know if these key 
molecules are shared/differ between developmental events. So far it had 
been difficult for us to explore these questions because of the lack of the 
methodology to comprehensively identify the molecules transported 
from the Golgi apparatus in a defined cell type in vivo in a restricted 
developmental time window. Recent innovations in the strategy to 
target genetically defined neuronal types and in the single-cell multi-
omics approaches (including proteomics and lipidomics) may allow us 
to overcome the technical limitation. Knowledge of these key issues will 
shift our understanding of the role of the Golgi from knowing it as a 
transport machinery to knowing it as a supplier of tailored molecules, 
specific to individual developmental events.

Second, it is important to reveal the role of the Golgi in the 
morphological maturation and function of the GABAergic inhibitory 
neurons. Currently, we know that the Golgi apparatus contributes to the 
morphological maturation of cortical and hippocampal excitatory 
neurons (Horton et al., 2005; Matsuki et al., 2010; Nakagawa and Iwasato, 
2023). However, the evidence about the role of the Golgi in the 
morphological maturation and function of the GABAergic inhibitory 
neurons in these brain areas is still lacking. An earlier work has suggested 
that there is no obvious Golgi polarization in developing GABAergic 
interneurons in vitro (Horton et al., 2005). Recently, it has been revealed 
that GABAergic interneurons in cerebral cortex and hippocampus can 
be categorized into diverse subtypes, which show distinct morphology, 
electrophysiological feature, and gene expression profile (Tremblay et al., 
2016; Wamsley and Fishell, 2017; Gouwens et al., 2020; Tzilivaki et al., 
2023). Thus, analyzing the Golgi apparatus distribution and its 
developmental changes in morphologically and/or transcriptomically 
defined inhibitory neuron subtypes may identify potential contribution 
of the Golgi to inhibitory circuit formation and refinement.

Third, it will be interesting to see the positioning and functioning 
of the Golgi apparatus in other brain cell types, such as astrocyte, 
oligodendrocyte, and microglia. The normal function of our brain is 
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influenced by these nonneuronal cells, in addition to neurons. Thus, 
understanding the contribution of nonneuronal cells is equally 
important. Several pioneering electron microscopy and 
immunohistochemical studies have identified that astrocytes have the 
Golgi apparatus not only in the cell body but also in peripheral 
processes (Stieber et al., 1987; Lavi et al., 1994; Kemal et al., 2022). A 
recent study demonstrate that oligodendrocytes also have the Golgi 
outposts in their distal processes, which are marked by tubulin 
polymerization promoting protein (TPPP), as well as GM130 (Fu 
et al., 2019). TPPP is essential for microtubule nucleation from the 
Golgi outposts, and genetic ablation of TPPP in mice results in 
hypomyelination with poor myelin sheaths and motor coordination 
deficits (Fu et al., 2019). Therefore, the Golgi apparatus in glial cells 
seems to play indispensable roles in their morphological development 
and physiological functions.

In conclusion, the polarized Golgi positioning and functioning 
enables morphological specification of neurons (and glial cells as well) 
and generates functional microdomains in their membrane. Therefore, 
focusing on the role of the Golgi apparatus in neurons, glial cells, and 
other cell types in the nervous system will offer a unique approach to 
understand how these different cell types develop and interact with 
each other to form and remodel the neural circuits.
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