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Abstract

In the walls of the lateral ventricles of the adult mammalian brain, neural stem cells (NSCs) and 

ependymal (E1) cells share the apical surface of the ventricular–subventricular zone (V–SVZ). In 

a recent article, we show that supraependymal serotonergic (5HT) axons originating from the 

raphe nuclei in mice form an extensive plexus on the walls of the lateral ventricles where they 

contact E1 cells and NSCs. Here we further characterize the contacts between 5HT 

supraependymal axons and E1 cells in mice, and show that suprependymal axons tightly 

associated to E1 cells are also present in the walls of the human lateral ventricles. These 

observations raise interesting questions about the function of supraependymal axons in the 

regulation of E1 cells.

Keywords

neural stem cells; adult neurogenesis; human; supraependymal axons; ependymal cells; serotonin

The ventricular–subventricular zone (V–SVZ) contains a large population of neural stem 

cells (NSCs) that persist in the adult brain.1,2 These NSCs produce new neurons that become 

integrated into functional neuronal circuits in the olfactory bulb (OB); yet how mature 

*Correspondence to: Arturo Alvarez-Buylla; abuylla@stemcell.ucsf.edu. 

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

HHS Public Access
Author manuscript
Neurogenesis (Austin). Author manuscript; available in PMC 2015 September 25.

Published in final edited form as:
Neurogenesis (Austin). 2014 January 1; 1(1): . doi:10.4161/neur.29341.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neuronal pathways, in turn, regulate the germinal activity of the adult NSC niche remains 

largely unknown. It has been suggested that multiple neurotransmitter systems can affect V–

SVZ neurogenesis.3 However, little is known about the exact source of these 

neurotransmitters, and the physical and functional interaction between axonal terminals and 

progenitors or other cells in their niche.

The NSCs of the V–SVZ are a subpopulation of astroglia known as B1 cells.4,5 They give 

rise to transit-amplifying cells (C cells), which generate large numbers of neuroblasts (A 

cells).6,7 These neuroblasts migrate along the rostral migratory stream (RMS) to the OB, 

where they differentiate into interneurons that integrate primarily into the granular and 

periglomerular layers.8,9 B1 cells retain many properties of their embryonic predecessors, 

the radial glia.10 They have a basal extension that contacts blood vessels and a short apical 

process that typically extends a primary cilium and contacts the ventricular lumen.5,11,12 A 

distinguishing feature of B1 cells is that their apical surfaces are bordered by the large apical 

surfaces of multiciliated ependymal cells (E1 cells), forming rosette-like structures called 

pinwheels.5 Importantly, B1 cells function in a fully developed, synaptically connected 

brain, raising the question of whether they receive neural circuit encoded information to 

regulate their progenitor activity.

Accumulating evidence indicates that numerous neurotransmitters regulate the proliferation, 

migration and survival of V–SVZ cells.3 These include the classical neurotransmitters γ-

aminobutyric acid (GABA)13 and glutamate, which are generally released by presynaptic 

neurons to directly influence postsynaptic partners, and neuromodulators, such as dopamine, 

serotonin (5HT), neuropeptide Y,14 and acetylcholine, which are secreted by a small group 

of neurons but diffuse through large brain areas to affect a large number of cells.3 

Intriguingly, 5HT-expressing axons are known to project onto the supraependymal surface 

of the lateral ventricles,15–19 a strategic location that allows the axons direct access to cells 

exposed to the ventricular cavity. As indicated above, in the walls of the lateral ventricles, 

E1 cells and B1 cells have apical contacts with the ventricular lumen.

Using the V–SVZ wholemount preparation,20 we mapped the location of 5HT projections, 

finding an extensive and dense plexus of overlapping axons covering almost the entire 

surface of the lateral ventricular wall. Immunostaining shows that these axons express 

acetylated tubulin (AcTub), 5HT, and 5HT transporter (SERT). The axons occur either 

singly or in bundles. The axonal shafts vary in thickness, and different sizes of axonal 

varicosities are observed. Many of the 5HT axons cross the centers of pinwheels where the 

B1 cells reside. These properties could not be appreciated in conventional coronal or sagittal 

brain sections, which reveal only portions of supraependymal axons. Retrograde tracing 

using fluorescent retrobeads injected into the lateral ventricle identifies the dorsal and 

median raphe as the origin of the supraependymal axons. This is confirmed with anterograde 

tracing, injecting biotinylated dextran amine into the raphe.19

Interestingly, electron microscopy (EM) shows intimate contacts between vesicle-filled 

supraependymal axonal varicosities and the small apical process of a subset of B1 cells. 

Both darkcore vesicles, typical of monoaminergic neurons, and light-core vesicles are 

observed, suggesting that the 5HT axons may release co-transmitter(s). Membrane 
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invaginations occur in both the axons and the B1 cells close to the specialized contacts 

between them, suggesting active endo/exocytosis. Immunostaining shows expression of the 

presynaptic marker synaptophysin in the varicosities. Furthermore, raphe-targeted injection 

of a transsynaptic tracer virus VSV(LCMV-G), a vesicular stomatitis virus (VSV) 

pseudotyped with glycoprotein from the lymphocytic choriomeningitis virus (LCMV),21 

results in the labeling of a subset of B1 cells and migrating young neurons in the RMS. 

These observations strongly suggest that a subpopulation of 5HT neurons in the raphe 

project supraependymal axons that directly interact with B1 cells in the V–SVZ.19

To determine how the supraependymal 5HT axons influence V–SVZ neurogenesis, we used 

fluorescence activated cell sorting to purify B1, C, A, and E1 cells of the V–SVZ niche22 

and analyzed the mRNA levels of 12 different 5HT receptor subtypes in each of these cell 

populations. We find that B1 cells express Htr2c and Htr5a. Electrophysiology recordings 

show that activation of these receptors induces a small inward current in the B1 cells. 5HT-

induced currents are blocked by antagonists to 5HT2C and 5HT5A. Intraventricular infusion 

of the 5HT2C agonist and antagonist increases and decreases the proliferating fraction of B1 

cells, respectively. These results suggest that supraependymal 5HT axons modulate NSC 

proliferation via activation of the receptor 5HT2C.19 Further in vivo confirmation would 

require optogenetic or electrical stimulation of the dorsal raphe followed by analysis of B1 

cell activity in the V–SVZ.

Previous studies have shown that supraependymal 5HT axons are present in a number of 

mammalian species, including mice, rats, monkeys, and humans.15–18 These previous 

studies used sections, which only reveal a very partial view of the extent of the axonal 

plexus on the walls of the ventricles. Using immunohistochemistry on wholemounts of 

portions of the human brain lateral ventricle and EM, we detected 5HT axons on the apical 

surface in 3 infants (0 d, 4 mo, 6 mo) and 3 adults (52 y, 53 y, 62 y) (Figs. 1 and 2). As in 

mice, the supraependymal axons in humans expressed AcTub (Fig. 1C, F, and I), 5HT (Fig. 

1C–E), and SERT (Fig. 1F–H). The axonal varicosities contained the presynaptic marker 

synaptophysin (Fig. 1I–K). EM showed that in humans, as in mice, the supraependymal 

axons were closely associated with ependymal microvilli (Fig. 2A). EM also revealed 

microtubules along the axonal shaft (Fig. 2A), and numerous dark and light-core vesicles 

(Fig. 2B) and mitochondria (Fig. 2C) within the axonal varicosities. In human infants, the 

V–SVZ contains neural progenitor cells that generate new neurons not only for the OBs, but 

also for specific subregions of the prefrontal cortex.23–25 The adult brain also contains a 

small number of proliferating cells in the SVZ. While it remains speculative, it has been 

suggested that some of these dividing cells could have NSC properties that possibly continue 

to generate neurons into adulthood.23,26,27 However, only very few migrating SVZ 

neuroblasts are normally observed in children older than 2 y of age or adults,23,24 suggesting 

that compared with other mammals, neurogenesis in the walls of the lateral ventricles may 

be rare in humans. Furthermore, while some cells in the SVZ of the adult human brain 

appear to have apical contacts with the ventricle, which would allow them to potentially 

interact with supraependymal axons,23,24 it remains unclear if these ventricle-contacting 

cells correspond to NSCs. Therefore, it remains unknown whether supraependymal axons 

participate in the regulation of adult neurogenesis in the human brain.
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In addition to B1 cells, supraependymal axons in the mouse brain make extensive contacts 

with E1 cells. Supraependymal axons are therefore likely to influence the functions of E1 

cells.19 Consistently, in the mouse brain lateral ventricles, supraependymal 5HT axons 

looped around most E1 cells (Fig. 3A–D). The axons appeared to avoid the cilia patch and 

traversed the large apical surfaces of E1 cells parallel to the cell borders (borders revealed 

by β-catenin staining; Fig. 3A–D). This interaction was best observed at the EM. 

Supraependymal axons were held tightly next to the apical surface of E1 cells by a rich set 

of microvilli lining the borders of the axons (Fig. 3E). Furthermore, E1 cells established 

desmosome-like, symmetrical electron-dense contacts, with supraependymal axons (Fig. 

3F). Intriguingly, a fragment of endoplasmic reticulum (ER) cisterna with ribosomes 

attached on the cytoplasmic side was frequently observed in the E1 cells adjacent to the site 

of contact with the axons (black arrows in Figure 3G and H). This suggests active protein 

synthesis in the E1 cells close to sites where they contacted supraependymal axons via 

desmosome-like junctions. Membrane invaginations were also observed in the vicinity of 

these contacts, suggesting endo/exocytosis associated to the junctional complexes (white 

arrows in Fig. 3H and I). We found similar membrane invaginations in E1 cells next to 

supraependymal axons (Fig. 2D) in humans. Desmosome-like contacts between the axons 

and E1 cells were also observed in the lateral ventricles of the human brain (Fig. 2E and F), 

but the fixation quality of the human samples did not allow us to confirm the presence of the 

ER structure near these contacts. AcTub+ supraependymal axons were also observed in the 

third and fourth ventricles of the mouse brain (Fig. 3J and K), which are not typically 

associated with neurogenic activity, strongly suggesting that 5HT supraependymal axons 

regulate E1 cell functions in all ventricular walls.

In summary, our work provides direct evidence of supraependymal 5HT axons interacting 

with B1 and E1 cells of the V–SVZ. These suprependymal axons appear to target all 

forebrain ventricles and cover much of their surface, suggesting that in addition to the 

functions they have regulating NSC function, they likely have a more distributed effect on 

ependymal activity. 5HT, or other co-secreted factor from suprependymal axons, may alter 

the beating of ependymal cilia28 altering the circulation of cerebrospinal fluid (CSF).29 

Notably, the path of new neuron migration in the adult brain is influenced by the direction of 

CSF flow.30 Supraependymal axons could also alter the epithelial permeability of E1 cells 

allowing radial diffusion of factors to or from the ventricles. Alternatively, or in addition, 

the secretions from these axons may be intended to directly change the composition of the 

CSF, possibly affecting more general functions throughout the neuroaxis. Secretion of 5HT 

could also alter locally close to the ventricular walls, or globally, permeability of the blood–

brain barrier. Although the precise function of supraependymal axons’ close interactions 

with E1 cells remains to be determined, the present study highlights the influence of a major 

neuronal pathway—one involved in arousal, depression, appetite, reproductive activity, and 

cognition31 on the ventricular walls. This includes the areas of the lateral ventricles 

containing the largest germinal niche in many adult vertebrates. Future experiments, 

possibly using optogenetics to selectively activate supraependymal-projecting neurons in the 

raphe, may shed new light on the physiological significance of 5HT influence on V–SVZ 

neurogenesis and ependymal functions.
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Methods and Materials

Mouse specimens

C57BL/6 wild-type adult (P30-P60) male mice were used. All experiments were performed 

in accordance to the guidelines from the University of California, San Francisco (UCSF) 

Laboratory Animal Care and Use Committee.

Human specimens

For pre-mortem specimens, intraoperative tissue was excised as part of the planned margin 

of resection surrounding a periventricular lesion as previously described.32 For post-mortem 

specimens, autopsied brains were cut coronally at the level of the mammillary bodies and 

fixed in 4% paraformaldehyde (PFA) for 1–2 wk and then stored in 0.1 M PBS. Autopsy 

specimens were obtained within 12 h of death. All causes of death were non-neurological 

and all patients had no evidence of brain pathology. All specimens were collected with 

informed consent and in accordance with the UCSF Committee on Human Research.

Tissue preparation, immunohistochemistry, imaging, and EM

Procedures for wholemount preparation,20 immunostaining, imaging, and EM were 

performed as previously published.19 Antibodies used were the same as those previously 

described.19

Acknowledgments

This work is funded by the US National Institutes of Health (NS28478 and HD32116) and the CIRM clinical 
training grant (TG3-01153). A.A.-B. is the Heather and Melanie Muss Endowed Chair of Neurological Surgery at 
UCSF. C.K.T. is supported by the Singapore Agency for Science, Technology and Research.

Abbreviations

5HT serotonin

AcTub acetylated tubulin

CSF cerebrospinal fluid

E1 cell ependymal cell

EM electron microscopy

ER endoplasmic reticulum

GABA γ-aminobutyric acid

LCMV-G lymphocytic choriomeningitis virus glycoprotein

NSC neural stem cell

OB olfactory bulb

PFA paraformaldehyde

RMS rostral migratory stream
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SERT serotonin transporter

VSV vesicular stomatitis virus

V–SVZ ventricular–subventricular zone
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Figure 1. 
Supraependymal serotonergic axons are present in humans. (A and B) The lateral wall of 

the anterior horn of lateral ventricle (black arrows) in a 6-mo-old human brain was 

examined at the rostral (A) and caudal (B) levels. (C, F, and I) Immunostaining for 

acetylated tubulin (AcTub) reveals long axonal processes (white arrows) coursing among 

tufts of ependymal cilia. (C–H) These axons express both serotonin (5HT) (C–E) and 

serotonin transporter (SERT ) (F–H). (I–K) Punctate expression of the presynaptic marker 

synaptophysin is observed at the varicosities (white arrows) along the axons.

Tong et al. Page 9

Neurogenesis (Austin). Author manuscript; available in PMC 2015 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Supraependymal axons in humans have similar ultrastructures as the mice. (A) Tangential 

section of an axonal fiber shows long microtubules (black arrow) running parallel to the 

axonal shaft. The axon is closely associated with microvilli (white arrow) on the ependymal 

surface. (B) Transverse section of the axons reveals dark (black arrow) and light (white 

arrow)-core vesicles. (C) Supraependymal axonal varicosities also contain mitochondria 

(black arrows). (D) Note the invagination of the ependymal membrane (black arrow) next to 

the axons, suggestive of endo/exocytosis. (E and F) Symmetrical electron-dense contacts 

(black arrows) are observed between axons and ependymal (E1) cells. White arrow in (E) 

points to the base of an ependymal cilium.
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Figure 3. 
Supraependymal serotonergic axons make specialized contacts with E1 cells in mice. (A–D) 

Confocal microscopy shows supraependymal 5HT axons looping around the apical surfaces 

of E1 cells (indicated by asterisks). (E) EM of the V–SVZ wholemount shows that 

microvilli (black arrows) line the length of the axonal shafts. Ependymal cilia (white arrows) 

are identified by their characteristic (9+2) microtubule arrangement. (F) A transverse section 

shows a desmosome-like contact between a suprapendymal axon and a putative E1 cell. (G 
and H) A fragment of endoplasmic reticulum cisterna (black arrow) is frequently observed 

in the E1 cell adjacent to the site of contact with a supraependymal axon. (H and I) 

Membrane invaginations (white arrow) are also observed close to the site of contact between 

E1 cells and supraependymal axons, suggesting active endo/exocytosis. (J and K) Other 

than the lateral ventricles, antibodies against AcTub also stained supraependymal axons 

(white arrows) in the third (J) and fourth (K) ventricles of the mouse brain.
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