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Materials and Methods 
 
Embryo stages 

The day on which vaginal plug was observed after setting up matings was counted as 

embryonic day 0.  Stages of embryos were further confirmed by checking embryo 

morphology and limb development (23).  Embryos were collected at two different times 

at a given embryonic day: 9-10am was considered as early of that day, and 4-5pm was 

considered as late of that day.   

 

Genotyping protocol for determining sex  

Primers for genotyping the Zfy1 gene are: 5’-ACATGGAGAGCCACAAGCTAACCA-

3’ and 5’-CTTTCTTGGTGCAGAACGGCATGT-3’. The size of the PCR product from 

male embryos is 468bp. 

 

Mouse lines 

The androgen-insensitive Tfm (10), AvilCre (22), BDNFLacZ (21), TrkB.T1 (20), and 

TrkBGFP (13) (previously referred to as TrkBtauEGFP) mice have been described previously.  

The targeting vector used to generate the NGFLacZ knock-in allele and the embryonic stem 

(ES) cells used to generate the NT-4LacZ knock-in allele were obtained from EUCOMM.  

Generation of mice harboring the TrkBCreERT2 allele will be described elsewhere.  The 

TrkBf and TrkBF616A mice were modified versions of the TrkB chemical-genetic mice 

described previously (14). For the TrkBf allele, a 3.2 kb sequence containing exon 15 and 

a FRT-Neo-FRT cassette was flanked by two loxP sites.  For the TrkBF616A allele, the 

same 3.2 kb sequence containing exon 15, but lacking loxP sites, harbors the F616A 



 
 

mutation.  Homologous recombination for both targeting constructs was performed using 

129.1 mouse strain embryonic stem (ES) cells.  ES cell clones that exhibited homologous 

recombination were screened by PCR, and results were confirmed by Southern blotting.  

Correctly targeted ES clones were injected into C57BL/6 blastocysts, which were then 

introduced into pseudopregnant females.  Heterozygous mice were generated by crossing 

chimeric mice with C57BL/6 mice, and these mice were subsequently crossed with mice 

expressing FlpE recombinase in germ cells to excise the Neo cassette.  Both lines were 

backcrossed and maintained on a C57BL/6 background.  Mice were genotyped using 

PCR reactions with following primers: 5’-

GGGCTTGAGAAGAGGGCAAAAGGGTTGCTCAG-3’ and 5’-

GTTGGTCACCAGCAGAACACTCGACTCAC-3’.  The sizes of PCR products of the 

wildype, TrkBf, and TrkBF616A alleles are 280bp, 430bp, and 350bp, respectively. 

 

Drug treatments 

Flutamide (Sigma F9397) was dissolved in DMSO to make a 500mg/ml stock, and 20µl 

of this stock solution or DMSO diluted with 500µl sunflower seed oil was delivered to 

pregnant females by oral gavage at E12 (5-6pm) and E13 (10-11am).  Testosterone 

propionate (Sigma T1875) was dissolved in sunflower seed oil to make a 20mg/ml 

solution, and 50µl of this solution or sunflower seed oil was delivered to the pregnant 

females by subcutaneous injections.  DHT was dissolved in ethanol to make a 50mg/ml 

solution, right before use 20µl of this solution was mixed well with 60µl sunflower seed 

oil, and vacuum centrifuged to evaporate the ethanol before subcutaneous injections.   

For  1NMPP1/TrkBF616A chemical-genetic experiments, the TrkBF616A inhibitor 1NMPP1 



 
 

was dissolved in DMSO to make a 200mM stock, and 2.5µl of the 1NMPP1 stock 

solution or DMSO was diluted into 100µl of injection solution (0.9% NaCl, 2.5% Tween-

20) for subcutaneous injections.  For oral gavage administration, 0.5µl 1NMPP1 stock 

solution or DMSO was diluted into 20ul of injection solution and then further diluted into 

500µl water.  Treatments were given every 1.5hr, four times, beginning at E13 (11am). 

The inhibitor 1NMPP1 was synthesized by Aurora Analytics, LLC, as previously 

described (24).   

 

Immunohistochemistry 

Embryonic tissues were fixed in PBS containing paraformaldehyde (PFA, 4%) at 4°C for 

2 hours to overnight, followed by cryoprotection at 4°C in PBS containing 30% sucrose.  

P3 mammary glands were dissected together with fat pads and adjacent skin, fixed in 4% 

PFA in PBS at 4°C for 1-2hr, and cryoprotected in 30% sucrose in PBS at 4°C.  Tissues 

were embedded in OCT (Tissue Tek), frozen at -20°C, and sectioned at 20µm.  Tissue 

sections were dried overnight at room temperature, washed with PBS and blocked with 

5% normal serum (goat or donkey) in PBST (0.1% Triton X-100 in PBS) for 30min, 

followed by primary antibody incubation (diluted in blocking solution) overnight at 4°C.  

The next day, sections were washed with PBST, and incubated with secondary antibodies 

diluted in blocking solution for 1-2hrs, washed again with PBST, and mounted with 

fluoromount-G (Southern Biothech).  Pictures were taken using a Carl Zeiss LSM700 

laser scanning microscope.  Primary antibodies used for immunohistochemistry were: 

Androgen receptor (Invitrogen, 1:300), DsRed (Clontech, 1:500), GFP (Aves Lab, 

1:500), TrkBECD (R&D, 1:100), the truncated form of TrkB (Santa Cruz, 1:50), Tuj1 



 
 

(Covance, 1:1000).  The nucleic acid stain TO-PRO-3 (Invitrogen 1:500) was applied 

along with secondary antibody incubation during immunohistochemistry.   

 

In situ hybridization 

Protocols for in situ hybridization were described previously (25).  Embryos were fixed 

in 4% PFA in PBS at 4°C for overnight, and cryoprotected in 30% sucrose in PBS at 4°C.  

Tissues were embedded in OCT (Tissue Tek) and frozen at -20°C.  Tissue sections were 

cut at 14-20µm and then dried at room temperature for 1hr.  The probe for full-length 

TrkB was generated to detect an 842bp sequence in the 3’UTR of full-length TrkB 

mRNA (NM_001025074.1).  Primers for generating this probe construct were: 5’-

ATGAGCGAGACAGAGACAAGCCAT-3’ and 5’-

ACCTTGGAATGAAACCACTCTCCC-3’.  The probe for both forms of TrkB was 

generated to detect an 853bp sequence in the coding region for the extracellular domain 

of TrkB.  Primers for generating this probe construct were: 5’- 

AATGAGAGCAGCAAGAACATGCCC-3’ and 5’- 

GCCAAACTTGGAATGTCTCGCCAA-3’.  Probes were labeled with Dioxygenin 

(DIG).  

 

X-gal staining 

Embryos were fixed with a glutaraldehyde solution (0.2% glutaraldehyde, 2mM MgCl2 

in PBS) overnight at 4°C.  For whole-mount staining, fixed embryos were washed with 

detergent rinse buffer (0.01% sodium deoxycholate, 0.02% NP40, 2mM MgCl2 in 

phosphate buffer, pH 7.4), and stained with staining buffer (0.01% sodium deoxycholate, 



 
 

0.02% NP40, 2mM MgCl2, 5mM potassium ferricyanide, 5mM potassium ferrocyanide, 

1mg/ml 5-bromo-4-chloro-indolyl-β-D-galactopyranoside in phosphate buffer, pH 7.4) at 

room temperature.  After staining, embryos were dehydrated sequentially with 50% 

methanol, 80% methanol, and 100% methanol.  For staining on sections, 12µm sections 

were cut and dried for several hours at room temperature.  The staining procedure was the 

same as described for whole-mount staining.  After staining, sections were fixed 

overnight at 4°C in 4% PFA in PBS, and mounted with fluoromount-G.   

 

Carmine staining and alkaline phosphatase histochemistry on whole-mount mammary 

glands 

Whole mount carmine staining and placental alkaline phosphatase (AP) staining were 

carried out by procedures described previously (26, 27).  P0 mammary glands were 

dissected with fat pads intact, and fixed in 4% PFA in PBS at 4°C for 1hr.  To reveal the 

gland ductal tree structure, fixed mammary glands were stained with carmine aluminum 

(Sigma C1022) solution overnight at room temperature, dehydrated with 50%, 75%, 

95%, 100% ethanol, and cleared in xylene.  To detect the PLAP signal, fixed mammary 

glands were stained with BCIP/NBT (Roche) solution overnight at room temperature, 

followed by post-fixation in 4% PFA in PBS overnight at 4°C, dehydrated with 50%, 

80%, 100% methanol, and cleared in BABB.   
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Fig. S1.  The mammary gland ductal tree is densely innervated by sensory fibers at P0.  

Mammary glands were dissected from a P0 Advillin-hPLAP female mouse in which placenta 

alkaline phosphatase is expressed exclusively in primary sensory neurons (28).  The ductal tree 

structure is revealed by Carmine staining (left panel), and sensory innervation of the mammary 

gland is shown by alkaline phosphatase histochemistry (right panel).  This experiment was done 

two times with similar results. 
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Fig. S2. Quantification of neuronal fibers projecting to the rudimentary mammary gland.  

For all experiments, images were processed and analyzed using ImageJ software.  (A) Mammary 

gland cross sections were stained with anti-Tuj1 and TO-PRO-3.  The edge of the rudimentary 

mammary gland was determined by TO-PRO-3 staining, and a band with the indicated thickness 

(X) surrounding the gland was drawn automatically with ImageJ.  The total number of Tuj1 

positive pixels within this band was counted, divided by the total number of pixels occupied by 

the entire band area, and this number was multiplied by 100% to obtain the measurement of fiber 

density.  (B) Average fiber densities of different band thicknesses (20 rudimentary mammary 

glands from 4 late E13 female embryos, mean ± s.e.m.).  Since the fiber density peaks for 

measurements using the 15 µm band, all subsequent quantifications presented in this study use 

15 µm as the band thickness. 
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Fig. S3.  Sexually dimorphic mammary gland innervation is independent of apoptotic cell 

death. (A) Tuj1 and TO-PRO-3 staining of mammary gland sections at late E11, early E12, and 

late E14.  Mammary rudiments first appear as thickening of the epithelium at late E11, and then 

become bud-shape at early E12.  Note that neuronal fibers reach mammary rudiments after early 

E12.  (B-C) Mammary gland innervation of late E13 wildtype and Bax-/- embryos (n≥3 embryos 

for each bar).  Scale bar: 50µm. 
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Fig. S4.  Neuronal fibers innervating the E13 rudimentary mammary glands emanate from 

sensory ganglia.  The AvilCre mouse line was crossed with a Cre recombinase dependent 

Rosa26LSLtdTomato reporter line (29) to specifically label sensory neurons.  E13 female AvilCre/+; 

Rosa26LSLtdTomato/+ embryos were analyzed, and cross-sections of dorsal root ganglia (DRG), 

sympathetic ganglia (SG), nodose ganglia (NG), and rudimentary mammary glands were stained 

with anti-DsRed (to detect tdTomato) and anti-Tuj1.  There are many tdTomato+ neurons in the 

DRG while very few neurons are found to express tdTomato in the NG.  Labeled neurons were 

not observed in the SG (a section through the superior cervical ganglion (SCG) is shown in the 

figure).  All Tuj1+ fibers surrounding rudimentary mammary glands are tdTomato positive, 

indicating that they are from sensory neurons, most likely DRG sensory neurons.  This 

experiment was done two times with similar results.  Scale bar: 50µm. 
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Fig. S5. Sexually dimorphic mammary gland innervation is dependent on androgen 

receptor activation.  (A) Pregnant dams were treated with 1mg DHT by subcutaneous injection 

8 hours prior to sacrifice, and embryos were collected at late E13.  Mammary gland sections 

were stained with anti-Tuj1 and TO-PRO-3. (B) Quantification of mammary gland innervation 

(n≥3 embryos for each bar).  The vehicle group is the same vehicle group for the testosterone 

treatments, shown in fig. 1. (C) Mammary gland innervation of heterozygous Tfm female, 

hemizygous Tfm male, and wildtype male embryos at late E13.  This experiment was done two 

times with similar results.  Scale bar: 50µm.   



Fig. S6
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Fig. S6. NGF, BDNF, NT-3, and NT-4 expression patterns in E13 mouse embryos.  Whole-

mount X-gal staining of E13 female NGFlacZ/+, BDNFLacZ/+, NT-3LacZ/+ (30), and NT-4LacZ/+ 

embryos.  Staining associated with E13 mammary glands is only detected in BDNFLacZ/+ embryos.  

Arrows: rudimentary mammary glands (five on each side of the body; glands #1 and #5 are 

behind the limbs and therefore not seen in this image).    Staining of each mouse line was done at 

least two times with similar results. 



Fig. S7
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Fig. S7. The BDNF expression pattern in E11 and E12 BDNFLacZ/+ mouse embryos.  Whole-

mount X-gal staining of BDNFLacZ/+ embryos at E11 and E12.  LacZ expression is associated 

with the developing mammary glands beginning at E12.  Staining was done for mice at each time 

point at least two times with similar results. 
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Fig. S8.  Neurons expressing TrkB at E13 innervate the mammary gland ductal tree 

structure but not the nipple in postnatal female mice.  The TrkBCreERT2 mouse line was 

crossed with a Rosa26LSLtdTomato reporter line and the pregnant females were treated with 4mg 

tamoxifen at E13 (11am) by oral gavage.  TrkBCreERT2/+; Rosa26LSLtdTomato/+ females were 

sacrificed at P3, and isolated mammary glands with nipples and surrounding skin were obtained.  

Cross-sections of mammary glands were stained with anti-DsRed and TO-PRO-3 (sections 

shown here are from two different mammary glands).  All tdTomato positive fibers associated 

with the mammary glands innervate the ductal structure, but not the nipples (arrow points to the 

nipple region).  This experiment was done two times with similar results.  Scale bar: 50µm. 
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Fig. S9.  TrkB is required in sensory neurons for the establishment of female mammary 

gland innervation.  (A-B) Mammary gland innervation of late E13 female wildtype and 

TrkBGFP/GFP (null) embryos (n≥3 embryos for each bar).  (C) Mammary gland innervation of late 

E13 female TrkBf/+ and TrkBf/f; AvilCre/+ (sensory neuron-specific TrkB deletion) embryos.  

Quantification of these data is shown in fig. 2F.  Scale bar: 50µm. 
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Fig. S10. The androgen receptor is not expressed in DRG neurons at E13. An E13 male 

DRG section was stained with an androgen receptor antibody (AR), and co-stained with anti-

TrkBECD and TO-PRO-3.  A similar pattern was observed in sections of female DRGs (not 

shown).  This experiment was done three times with similar results.  Scale bar: 50µm. 
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Fig. S11.  BDNF expression in E14 male and female mammary mesenchyme.  X-gal staining 

on cross-sections of mammary rudiments of BDNFLacZ/+ male and female embryos at early E14.  

At this stage, male mammary glands are in regression, with both mammary mesenchymal cells 

and mammary epithelial cells undergoing apoptosis.   
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Fig. S12.  BDNF-TrkB signaling is required for initial axonal projections to both the male 

and female mammary glands. (A) Embryos were collected at late E12 and sections of both 

male and female rudimentary mammary glands were stained with anti-TrkBECD, anti-Tuj1 and 

TO-PRO-3.  (B) Mammary gland innervation of wildtype, TrkBGFP/GFP, and BDNFLacZ/LacZ 

embryos at late E12 (stained with anti-Tuj1 and TO-PRO-3).  These experiments were done two 

times with similar results.  Scale bar: 50µm.  
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Fig. S13.  The truncated form of TrkB is the only form of TrkB transcript expressed in the 

E13 wildtype male mammary mesenchyme.  In situ hybridization of mammary gland sections 

of male and female late E13 embryos using two different TrkB probes.  The probe that detects 

full-length TrkB recognizes the 3’ UTR of full-length TrkB transcript; the probe that detects both 

forms recognizes sequences encoding the extracellular domain of TrkB.  Note that there is no 

full-length transcript detected either in male or female mammary mesenchyme at this stage.  All 

experiments were done at least three times with similar findings.   
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Fig. S14.  TrkB and the androgen receptor are co-expressed in a large subset of E13 male 

mammary mesenchymal cells.  TrkBGFP/+ embryos were obtained at late E13, and sections of 

both male and female rudimentary mammary glands were stained with anti-GFP, anti-AR, and 

TO-PRO-3.  Pictures were taken by confocal microscopy by acquiring 1-µm optical images 

through the middle of the sections.  Note that GFP is expressed in androgen receptor expressing 

mammary mesenchymal cells in the male but not the female.  This experiment was done three 

times with similar results.  Scale bar: 50µm for original pictures, 25 µm for the cropped panels. 
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Fig. S15.  Androgens regulate mesenchymal TrkB expression at the transcriptional level.  

Pregnant dams crossed with TrkBGFP/+ males were treated with flutamide beginning at late E12.  

Embryos were collected at late E13, and mammary gland sections were stained with anti-GFP, 

anti-Tuj1, and TO-PRO-3.  Note that GFP expression was not detected in mammary 

mesenchymal cells of the flutamide treated male embryos.  This experiment was done two times 

with similar results.  Scale bar: 50µm. 
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Fig. S16. TrkB expression in female mammary mesenchyme after testosterone exposure.  

TrkBECD and Tuj1 staining of mammary gland sections from female embryos that were treated 

with testosterone for the indicated times.  All embryos were collected at late E13. In the 

quantification plot, each dot represents the average fiber density of the ten mammary glands of 

one embryo (red lines: means ± standard deviation, statistical analysis was done using one-way 

ANOVA, and data for each time point is compared with the control group).   Scale bar: 50µm. 
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Fig. S17.  The truncated form of TrkB is undetectable in DRG neurons at E13.  An E13 

male DRG section was stained with the truncated form-specific TrkB antibody, and co-stained 

with anti-TrkBECD and TO-PRO-3.  The sparse staining observed using the truncated form-

specific TrkB antibody within the DRG is due to non-specific antibody binding to blood cells 

(arrows).  This experiment was done three times with similar results.  Scale bar: 50µm. 
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Fig. S18.  Quantification of mammary mesenchymal TrkB expression levels.   (A) All 

images were taken using a Zeiss LSM700 Laser scanning confocal microscope. The scanning 

gain was determined by adjusting the fluorescence intensity of TrkBECD staining of neuronal 

fibers to saturation.  All images were processed using ImageJ software.  The threshold was 

determined using the default setting in ImageJ, and the average mammary mesenchymal 

TrkBECD staining fluorescence intensity (mean FTrkB) is calculated as the average fluorescence 

intensity of over-threshold pixels (mean FTrkBot, avoiding TrkB and Tuj1 double positive pixels) 

within the 15µm band minus the average background fluorescence intensity (mean Fbackground, 

within the yellow square in the image shown).  The area of mesenchymal TrkBECD staining (STrkB) 

is defined as the area of over-threshold pixels of TrkBECD staining (STrkBot) minus the area of 

over-threshold pixels of Tuj1 staining (STuj1ot) within the 15 µm band.  The total mesenchymal 

TrkB level (∑FTrkB) is defined as the mean FTrkB multiplied by STrkB.  (B) Quantification of 

mammary mesenchymal TrkB level in wildtype and TrkB.T1 mutant male embryos at late E13.  

(C) The relationship between the total mammary mesenchymal TrkB level and the relative fiber 

density of individual mammary glands of wildtype male embryos (correlation coefficient: r=-

0.4893, p=0.0016, 38 glands from 5 mice). Scale bar: 50µm. 
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Fig. S19.  Assessment of TrkBECD antibody specificity.  Mammary gland sections of late E13 

TrkBGFP/GFP and wildtype male embryos were immunostained using the TrkBECD antibody and 

TO-PRO-3 or the GFP antibody and TO-PRO-3.  This experiment was done two times with 

similar results.  Scale bar: 50µm. 
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Fig. S20.  The residual TrkB detected in mammary mesenchymal cells of TrkB.T1 mutant 

male embryos lacks the TrkB.T1 specific c-terminus.  Mammary gland sections of late E13 

wildtype and TrkB.T1 mutant males were stained using the truncated form-specific TrkB 

antibody, the TrkBECD antibody and TO-PRO-3.  The residual TrkB expressed in the mutant and 

recognized by the TrkBECD antibody cannot be detected by the truncated form-specific TrkB 

antibody.  This experiment was done two times with similar results.  Scale bar: 50µm.  
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Fig. S21.  Schematic illustration of the cellular and molecular mechanism by which sexually 

dimorphic mammary gland sensory innervation is generated.  BDNF produced in both male 

and female mammary mesenchymal cells promotes initial ingrowth and maintenance of TrkB-

dependent sensory fibers.  Then, beginning at E13, androgens released by male gonads and 

acting upon receptors in male mammary mesenchymal cells trigger robust expression of the 

truncated form of TrkB, which neutralizes BDNF–TrkB signaling, leading to rapid pruning of 

sensory fibers associated with male glands.  Thus, a sex hormone-dependent switch in BDNF–

TrkB signaling generates the sexually dimorphic pattern of rudimentary mammary gland sensory 

innervation.  
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