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Abstract 
 
Primary cilia are evolutionarily conserved organelles that play critical roles in brain development. In the developing cortex, 
neural progenitors extend their primary cilia into the ventricular surface, where the cilia act as key signaling hubs. However, 
visualizing these cilia in a systematic and intact manner has been challenging. The commonly used cryostat sectioning only 
provides a limited snapshot of cilia on individual sections, and this process often disrupts the ciliary morphology. By contrast, 
the previously established whole-mount technique has been shown to preserve ciliary architecture in the adult mouse cortex. 
Here, we adapt and optimize the whole-mount approach for embryonic and neonatal brain, allowing robust visualization of 
ciliary morphology at the ventricular surface during development. This protocol describes step-by-step procedures for 
whole-mounting and immunostaining delicate embryonic and neonatal mouse cortices, enabling direct visualization of cilia 
in neural progenitors in the developing brain. 
 
 

Key features 
• This protocol adapts the whole-mount technique and applies it to delicate embryonic samples from embryonic day 12 

(E12) to neonatal brain (P3). 
• This protocol details the necessary steps to achieve intact and direct visualization of cilia in the developing mouse 

cortex. 
• This protocol also provides the necessary steps for the dissection and visualization of cilia on the lateral ganglionic 

eminences (LGE) and medial ganglionic eminences (MGE). 
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Background 
 
Primary cilia are evolutionarily conserved microtubule-based organelles that project from the surface of most vertebrate 
cells and serve as signaling hubs. The primary cilium senses and transduces environmental cues into intracellular signaling 
pathways. Certain specialized cell types bear motile cilia, typically in multiple copies. Unlike primary cilia, motile cilia 
generate a rhythmical beating that propels the extracellular fluid or enables cellular motility [1–4]. Dysfunction of cilia leads 
to a wide range of diseases, collectively known as ciliopathies. Many ciliopathies, such as Joubert syndrome, Orofaciodigital 
syndrome, and Acrocallosal syndrome, are characterized by brain structural deficits [5,6]. These brain malformations often 
result in cognitive deficits and intellectual disabilities [3,5,7]. These deficits highlight the essential roles of primary cilia in 
normal brain development and neural circuitry formation. 
During embryonic brain development, neurogenesis is precisely coordinated by radial glia (RG), the main neural progenitors 
in the developing brain. RG undergo various modes of cell division, producing the diverse neuronal cell types necessary to 
form functional neural circuits [8–13]. A notable anatomical feature of RG is that their radial processes extend across the 
entire developing cortex, from the pial (basal) surface to the ventricular (apical) surface [14]. While their nuclei undergo 
interkinetic nuclear migration—moving back and forth between the apical and basal sides in sync with the cell cycle—their 
centrosomes and primary cilia remain at the apical surface. In other words, the primary cilia of RG project into the 
cerebrospinal fluid (CSF) within the ventricles of the brain [15–17]. Studying the morphology of these primary cilia has 
been challenging. Conventional approaches, such as cryostat sectioning, are not ideal because they may physically damage 
the delicate structure of primary cilia. The freezing process itself, if not done properly, can cause the formation of ice crystals 
that distort the cilium. Furthermore, the mechanical slicing of the frozen tissue may shear or break the cilium, leading to 
artifacts that misrepresent its true morphology. Subsequent steps, such as mounting on slides, may further alter the structure. 
These damaged and distorted cilia make it difficult to get an accurate observation of their morphology. Finally, because 
primary cilia are thin, hair-like structures that project from the cell surface, a single section only captures a small, two-
dimensional sliver of the cilium's full length. This fragmented view makes it nearly impossible to understand the cilium's 
overall shape, length, and orientation in its native three-dimensional context [18–22]. 
In this protocol, we adapt a whole-mount cortical preparation originally developed for the adult brain [23] to embryonic and 
neonatal brains. We aim to preserve intact ciliary morphology in their three-dimensional perspective at the native ventricular 
surface. By preserving the complete cytoarchitecture, this method enables a detailed study of ciliary morphology across 
different brain regions and at various developmental stages. 
 
 

Materials and reagents 
 
Biological materials 
 
1. C57BL/6 (Jackson Laboratories, strain #000664) aged 6–8 weeks  
Note: Embryonic (E) samples can be collected at E12, 14, and 17, and postnatal day (P) 1, 3, 5, and 7. The procedure is 
applicable to other mouse strains. 
 
Reagents 
 
1. DPBS (Fisher Scientific, catalog number: 14-190-136) 
2. Triton X-100 (Fisher Scientific, catalog number: AAA16046AP) 
3. Donkey serum (MilliporeSigma, catalog number: S30-100ML) 
4. 20% Paraformaldehyde (PFA) (Fisher Scientific, catalog number: 50-980-493) 
5. Hoechst (Sigma, catalog number: 94403-1ML) 
6. Fluoromount-G mounting medium (SouthernBiotech, catalog number: 0100-01) 
7. Rabbit anti-Arl13b (1:200) (Proteintech, catalog number: 17711-1-AP) 
8. Rat anti-Arl13b (1:200) (BiCell Scientific, catalog number: 90413) 
9. Mouse anti-Arl13b (1:200) (antibodiesinc, catalog number: 75-287 
10. Mouse anti-acetylated tubulin (1:200) (Sigma, catalog number: T6793) 
11. Mouse anti-β-catenin (1:100) (BD Biosciences, catalog number: 610154) 
12. Rabbit anti-ZO1 (1:100) (Zymed, catalog number: 40-2200) 
13. Mouse anti-AlexaFluor 488 (Jackson ImmunoResearch Labs, catalog number: 715-545-151) 
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14. Mouse anti-AlexaFluor rhodamine (Jackson ImmunoResearch Labs, catalog number: 715-025-151) 
15. Mouse anti-AlexaFluor 647 (Jackson ImmunoResearch Labs, catalog number: 715-605-151) 
16. Rabbit anti-AlexaFluor 488 (Jackson ImmunoResearch Labs, catalog number: 711-545-152) 
17. Rabbit anti-AlexaFluor rhodamine (Jackson ImmunoResearch Labs, catalog number: 711-025-152) 
18. Rabbit anti-AlexaFluor 647 (Jackson ImmunoResearch Labs, catalog number: 711-605-152) 
19. Rat anti-AlexaFluor 488 (Jackson ImmunoResearch Labs, catalog number: 712-545-153) 
20. Rat anti-AlexaFluor rhodamine (Jackson ImmunoResearch Labs, catalog number: 712-025-153) 
21. Rat anti-AlexaFluor 647 (Jackson ImmunoResearch Labs, catalog number: 712-605-153) 
 
Solutions 
 
1. Blocking buffer (see Recipes) 
 
Recipes 
 
1. Blocking buffer  

Reagent Final concentration Quantity or volume 
Donkey serum 2% 2 mL 
Triton X-100 0.2% 200 μL 
DPBS n/a 97.8 mL 
Total n/a 100 mL 

Store at 4 °C. 
 
Laboratory supplies 
 
1. FisherbrandTM surface treated tissue culture dishes, 10 cm dish (Fisher Scientific, catalog number: FB012924) 
2. Thermo ScientificTM BioLite 6 cm cell culture treated dishes (Fisher Scientific, catalog number: 12-556-001) 
3. 96-well plate (Thermo Fisher Scientific, catalog number: 12-556-008) 
4. 24-well plate (Fisher Scientific, catalog: FB012929) 
5. AxygenTM MaxyClear Snaplock microtubes, 1.5 mL (Axygen, catalog number: 14-222-155) 
6. CorningTM 15 mL centrifuge tubes with CentriStarTM cap (Fisher Scientific, catalog number: 430791) 
7. FisherbrandTM SuperfrostTM Plus microscope slides (Fisher Scientific, catalog number: 12-550-15) 
8. FisherbrandTM SuperslipTM coverslips (Fisher Scientific, catalog number: 12-541-056) 
9. Moria ultra-fine forceps (Fine Science Tools, catalog number: 11370-40) 
10. Moria ultra-fine curved forceps (Fine Science Tools, catalog number: 11370-42) 
11. Extra fine Bonn 8.5 cm scissors (Fine Science Tools, catalog number: 14085-08) 
 
 

Equipment 
 
1. Confocal microscope (Zeiss, model: LSM 880) 
2. Leica Mica 
Note: All other fluorescence microscopes can also be used with 63× lens or above.  
3. Vortex mixer (Fisher Scientific, catalog number: 02-215-414) 
4. Centrifuge (Eppendorf, model: 5702R) 
 
 

Software and datasets 
 
1. LAS X (Leica, v3.7.4.23463) 
2. Fiji (Version 1.54p) 
 
 



 

 

Cite as: Gutierrez, O. T. et al. (2025). Whole-Mount Visualization of Primary Cilia in the Developing Mouse Brain. 
Bio-protocol 15(24): e5538. DOI: 10.21769/BioProtoc.5538 

4 

Published: Dec 20, 2025 

Procedure 
 
A. Timed pregnancy setup and dissection of embryonic cortex 
 
1. Set up mating pairs in the afternoon and check for plugs the following morning. Once a plug is noticed, wait the designated 
number of days until the embryos are at the desired stage. 
Note: All mouse work was performed according to guidelines approved by the IACUC of the University of California, 
Merced (animal protocol no. 2023–1151). All mice were maintained in a specific pathogen-free animal facility. Mice were 
monitored daily and housed in a 12/12 h light/dark cycle, at 19–22 °C with 40%–60% humidity. 
2. On the day of the desired embryonic stage (Figure 1A), euthanize the pregnant females and then open the abdomen. 
Remove the embryos from the uterus carefully, one by one, to avoid damage to the brain. Place embryos in a 10 cm dish 
with cold DPBS on ice.  
Note: For neonatal mice, ice is used as hypothermic anesthesia. The anesthetized pups are then decapitated with sharp 
scissors (see Laboratory Supplies). 
3. Ensure that the embryo is belly down and has the rostral region facing north (Figure 1B). Under a dissection microscope, 
stabilize the embryo by piercing the nape with extra-fine forceps held in the non-dominant hand. This will stabilize the 
sample and prevent it from moving around in the DPBS. Using another pair of extra-fine forceps in the dominant hand, 
carefully peel away the soft tissues (skin and future skull) from the posterior end of the brain to the anterior end (Figure 1B) 
until the brain is exposed. Once the majority of the overlying tissue has been removed, use fine forceps to gently scoop the 
brain out. 
Critical: Avoid piercing the cortex while dissecting and work slowly when scooping out the brain to maintain proper 
structural integrity. 
4. Wash brains with cold (4 °C) DPBS very carefully. 
5. Drop fix the brain in a 15 mL tube filled with cold 4% PFA and fix at 4 °C for 12–24 h. 
 
B. Dissection and whole-mounting of the mouse embryonic telencephalon 
 
B1. Dissection of the cortex 
1. Place all brains in a 6 cm dish filled with cold DPBS.  
Note: C57BL/6 mice typically have 7–10 embryos per litter. Therefore, add all 7–10 brains to the dish filled with cold DPBS. 
2. Separate the two hemispheres using ultra-fine forceps in both hands and orient them to have the inside surfaces facing 
outward. Retain the olfactory bulb to help orient the structure along the rostral (R) to caudal (C) axis (Figure 1B–D). 
3. With ultra-fine forceps, carefully open and peel off the medial wall of the telencephalon indicated by the dashed black 
line (Figure D). The inner surface of the lateral ventricle should now be exposed (Figure 1E). Make sure to avoid scratching 
the inner surface during dissection. 
4. Separate the dorsal and ventral telencephalon by cutting along the midline indicated by the white dashed line (Figure 1E–
G).  
Note: The LGE and MGE can be further dissected from each other (Figure 1G). Separating the two GEs will be helpful 
when mounting the samples onto a coverslip.  
5. Transfer the dorsal and ventral telencephalon separately to a 96-well plate filled with 100 μL of DPBS. Two embryonic 
brains can fit into one well.  
Note: The dorsal and ventral regions can be taken apart and go through immunostaining separately. They can also be kept 
together and dissected once immunostaining is completed. The staining process for embryonic brains can be performed in 
96-well plates to minimize reagent use. 
 
B2. Immunostaining of primary cilia in the developing cortex 
 
1. Wash samples three times with 100 μL of DPBS for 5 min in between each wash. 
2. Remove DPBS slowly and replace with 100 μL of blocking buffer (see Recipes) for 1 h at room temperature. 
3. Remove blocking buffer slowly and replace with 100 μL of primary antibodies consisting of anti-ARL13B (to mark 
primary cilia) and anti-beta-Catenin (or anti-ZO1) (to delineate cell–cell boundary). Primary antibodies are diluted in 
blocking buffer. Incubate for 2 h at room temperature while rocking gently. 
Pause point: Samples can be left in the primary antibody mixture overnight at 4 °C with gentle rocking. 
Note: We found that ZO1 is a better marker to delineate cell boundaries in the early embryonic brain than beta-catenin. 
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4. Remove primary antibody gently and wash samples three times with DPBS for 5 min in between each wash. 
5. Add 100 μL of secondary antibodies diluted in blocking buffer. Incubate for 1 h at room temperature while gently rocking. 
6. Remove the secondary antibody mixture and incubate samples in 100 μL of Hoechst for 10 min. 
7. Wash with DPBS three times with 10 min in between each wash. 
 

 
 
Figure 1. Dissection of the developing cortex for whole-mount staining. (A) Embryonic stages to which this protocol 
applies, for primary and motile cilia visualization. (B) Brains were fixed at embryonic day 14 (E14). In DPBS, the embryonic 
brain is oriented with the rostral region facing north. (C) Hemispheres are separated and are rotated 180° for further 
dissection. (D) The olfactory bulb helps to orient the rostral–caudal axis of the brain. The region circled with a dashed line 
is the medial wall of the telencephalon. (E) The medial wall is peeled off to expose the inner surface of the lateral ventricle. 
Above the dashed line: dorsal telencephalon; below the dashed line: ventral telencephalon. (F) The dorsal telencephalon can 
be divided into anterior (A), medial (M), and posterior (P) regions. (G) The two prominent bulges in ventral telencephalon 
correspond to lateral ganglionic eminence (LGE, light blue dashed line) and medial ganglionic eminence (MGE, red dashed 
line). 
 
B3. Mounting the stained cortex onto a slide 
1. Under the dissection microscope, open the embryonic brain with sharp forceps and carefully spread it flat, as if flattening 
an eggshell. Because of its natural curvature, the tissue should be cut into smaller pieces to allow proper flattening, which 
will facilitate the downstream imaging process. The dorsal telencephalon can be separated into anterior (A), medial (M), 
and posterior (P) regions, as illustrated in Figure 1F. The ventral telencephalon can be separated into the LGE and MGE 
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regions, as shown in Figure 1G.  
2. Transfer two dissected samples to the slide with the inner surface facing upward. Keep one sample on the left side and 
the other on the right side of the slide to ensure that samples do not merge when adding mounting buffer and cover glass.  
Note: At this stage, the inner surface (i.e., the apical side) can usually be distinguished from the outer surface (i.e., the basal 
side) by its paler color and smoother appearance. In contrast, the outer surface often shows residual blood vessels. 
3. Slowly and gently add 10 μL of mounting medium to the sample; place a cover glass slowly on the tissue, avoiding 
bubbles. 
4. Allow slide to dry for a couple of hours before imaging. 
5. Image samples using a confocal microscope with 63× or greater magnification to obtain high-resolution images of primary 
cilia throughout development (Figures 2 and 3).  
 

 
 
Figure 2. Visualizing primary cilia in the whole-mount embryonic brain. Examples of primary cilia at the inner surface 
of embryonic brain. Arl13b (red)-marked primary cilia; beta-catenin/ZO1 (markers for adherens junction/tight junctions) 
(green) highlighted cell boundaries at the apical surface of the embryonic brain. The results for three developmental stages 
are shown. For each stage, two regions in the dorsal telencephalon and two in the ventral are shown. The results demonstrate 
that the whole-mount preparation provides a comprehensive view of cilia in their native environment and illustrate the 
variation of the ciliary length and the apical surface area of the radial glial cells at different developmental stages and in 
different brain regions. 
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Figure 3. Visualization of primary and motile cilia in the neonatal brain of the dorsal telencephalon. At this stage, the 
ventral telencephalon has developed into ventral brain structures, including parts of the septum and basal ganglia. The dorsal 
telencephalon contains both radial glial cells and ependymal cells. Along the ventricular surface, cells display diverse types 
of ciliation. Some remain single-ciliated (white arrowhead), suggesting they are radial glia; others bear a single, elongated 
cilium (white arrow), indicating a transitional state toward ependymal cell fate; some are multiciliated (yellow arrowhead), 
suggesting they are fully differentiated into ependymal cells. The typical pinwheel organization [24–27] is beginning to 
emerge but has not yet fully developed. Beta-catenin (red) delineates the cell boundaries; Arl13b (green) highlights cilia. 
The images in column D are the magnified view of the white square area in column C. 
 
 

Validation of protocol 
 
This protocol has been used and validated in the following research article: 
• Liu et al. [28]. Proteomic profiling of primary cilia in the developing brain uncovers new regulators of cortical 

development. bioRxiv (Figures 1, 3, 4, and 5 and Supplemental Figures 3 and 9). 
 
 

General notes and troubleshooting 
 
General notes 
 
1. Timing is critical in most steps of this protocol. To preserve ciliary structure, brain tissue should be fixed as quickly as 
possible. Following fixation, tissues need to be processed through dissection, immunostaining, and mounting in a timely 
manner, ideally within 24 h. Prolonged fixation may cause the tissue to become brittle and susceptible to damage during 
handling. 
 
Troubleshooting 
 
Problem 1: Tissue gets excessively damaged during dissection.  
Possible causes: Forceps used may not be sharp; limited dissection experience. 
Solutions: Make sure extra-fine forceps are used for this procedure, which allows for easier dissections. Dissect with fresh 
samples to limit tissue damage. Tissue dissection may be difficult for researchers with no prior experience with embryonic 
tissue. However, there are no inherent difficulties in the dissection that would lead to failure. Even if the cortex breaks into 
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smaller pieces, the tissue can still be used for subsequent steps. For comparative experiments, however, it is important to 
use matching cortical regions, which requires the preparation of complete cortices. 
 
Problem 2: Cilia appear blurry during imaging of the sample. 
Possible cause: The coverslip may not be completely dry after mounting, resulting in the sample moving around.  
Solution: Ensure the sample is completely dry, which may take ~6 h. This will keep the sample stable and allow the best 
resolution when imaging.  
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