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Abstract

The blood-testis barrier is a unique ultrastructure in the mammalian testis, located near the 

basement membrane of the seminiferous tubule that segregates the seminiferous epithelium into 

the basal and the adluminal (apical) compartment. Besides restricting paracellular and transcellular 

passage of biomolecules (e.g., paracrine factors, hormones), water, electrolytes, and other 

substances including toxicants and/or drugs to enter the adluminal compartment of the epithelium, 

the BTB is an important ultrastructure that supports spermatogenesis. As such, a sensitive and 

reliable assay to monitor its integrity in vivo is helpful for studying testis biology. This assay is 

based on the ability of an intact BTB to exclude the diffusion of a small molecule such as sulfo-

NHS-LC-biotin (C20H29N4NaO9S2, Mr. 556.59, a water-soluble and membrane-impermeable 

biotinylation reagent) from the basal to the apical compartment of the seminiferous epithelium. 

Herein, we summarize the detailed procedures on performing the assay and to obtain 

semiquantitative data to assess the extent of BTB damage when compared to positive controls, 

such as treatment of rats with cadmium chloride (CdCl2) which is known to compromise the BTB 

integrity.
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1 Introduction

When small electron-dense substances are loaded into the blood vessel, the blood-testis 

barrier (BTB) is known to exclude their diffusion across the barrier from entering the 

seminiferous tubules for more than a century (for reviews, see [1, 2]). For instance, when 

peroxidase was injected into the testicular interstitium, the majority of the enzyme was 

accumulated in the lamina propria of the seminiferous tubules, in the intercellular spaces of 

the Leydig cells and in the lymphatic capillaries, and virtually no peroxidase was detected in 

the adluminal (apical) compartment of the seminiferous tubules [3]. The BTB is almost 

exclusively contributed by Sertoli cells which are the epithelial cells of the seminiferous 

epithelium even though peritubular myoid cells in rodents (but not primates) are known to 

confer part of the barrier function (for a review, see [1]). Studies have shown that the BTB is 

constituted by coexisting actin-based tight junction (TJ), basal ectoplasmic specialization 

(basal ES, a testis-specific atypical adherens junction) and gap junction, as well as 

intermediate filament-based desmosome [2, 4–8]. Under physiological conditions, the BTB 
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is under precise regulation by different signaling molecules and signal pathways [9, 10], so 

that it remains tightly “sealed” at different stages of the seminiferous epithelial cycle 

including stage VIII when preleptotene spermatocytes connected in clones via intercellular 

bridges are to be transported across the immunological barrier [11–13]. Nonetheless, the 

BTB can be compromised during virus infection such as Zika [14] and HIV [15] such that 

these viruses can use the testis as a safe haven. In fact, the testis serves as one of the viral 

reservoirs, preventing HIV-1 eradication even though the serum viral load is virtually 

undetectable [16, 17]. Additionally, environmental toxicants (e.g., cadmium, bisphenol A, 

PFOS) are also known to induce BTB disruption [18, 19]. Studies have shown that scrotal 

heat stress [20], electromagnetic pulse irradiation [21], and reduced intratesticular 

testosterone level [22, 23] also play a role in perturbing the Sertoli cell BTB function in 

vivo. More importantly, BTB disruption is often associated with impaired spermatogenesis 

in particular germ cell exfoliation and hence subfertility and/or infertility [24, 25]. 

Collectively, these findings illustrate that a simple, reliable, and noninvasive assay that 

monitors BTB integrity in vivo would be of great help to investigators in the field.

An earlier version of the in vivo BTB integrity assay requires the use of a small fluorescence 

probe such as FITC (Mr 389.39) alone or inulin-FITC (Mr ~5 kDa) which was administered 

into the rats via the jugular vein under anesthesia using ketamine HCl/xylazine [26, 27]. This 

assay is based on the ability of an intact BTB to block the diffusion of either FITC or inulin-

FITC conjugate from entering the apical compartment from the interstitial space so that the 

fluorescence tag was limited to the basal compartment near the basement membrane in the 

tunica propria. The extent of the BTB disruption is thus quantified by comparing the 

distance traveled by FITC or inulin-FITC versus the radius of the seminiferous tubule. 

However, this is an invasive procedure that requires an administration of either FITC or 

inulin-FITC via the jugular vein. The procedure is time-consuming and requires researchers 

to receive relevant recovery surgical training. Moreover, since FITC or inulin-FITC is 

released into the whole body through circulation following administration, the amount of 

FITC or inulin- FITC that eventually accumulates around the seminiferous tubules in the 

testis is limited, making the green fluorescence tracking by fluorescence microscopy less 

optimal and requiring a lengthy exposure time of ~10–15 s to capture optimal images. 

Herein, we describe an easy to perform and highly reproducible procedure of the BTB 

integrity assay based on two earlier reports with minor modifications [23, 28]. Instead of 

using FITC or inulin-FITC, a membrane-impermeable protein biotinylation reagent sulfo-

NHS-LC-biotin is used based on the similar idea that biotin can be retained by an intact 

BTB. This assay is easy to manage since the sulfo-NHS-LC-biotin is aqueous soluble and a 

small aliquot of the biotin reagent can be loaded onto the testis under the tunica albuginea 

through the scrotum using a 28-gauge needle. Furthermore, since the sulfo-NHS-LC-biotin 

is loaded directly into the testis locally instead of through the systemic circulation, relatively 

small amount of the reagent is needed. Thereafter, cross sections of testes are obtained using 

frozen testes in a cryostat, and fluorescence signal is considerably enhanced by incubating 

cross sections with fluorophore-conjugated streptavidin.
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2 Materials

2.1 Animal Surgical Procedures

1. Ketamine hydrochloride (800 mg)/xylazine hydrochloride (120 mg) mixture in 

10-ml double distilled water (note: xylazine is an analgesic and a muscle 

relaxant).

2. EZ-Link™ Sulfo-NHS-LC-Biotin.

3. Cadmium chloride.

4. Insulin syringe (28 gauge).

2.2 Sample Preparation and Image Requisition

1. Standard cryostat operating at −22 °C.

2. Paraformaldehyde.

3. Streptavidin, Alexa Fluor® 555 conjugate (red fluorescence) (streptavidin 

conjugated with other types of fluorophore is also suitable based on specific 

experimental needs).

4. Standard wide-field microscope or confocal microscope.

3 Methods

3.1 Pre-surgery Setup

1. Treat a group of adult Sprague-Dawley male rats (or other rodents based on 

specific experimental needs) (n = 3, ~270–300 gm b.w.) with CdCl2 (3 mg/kg 

b.w., i.p.) which is known to induce irreversible BTB disruption [29, 30] about 2 

to 3 days before surgery. This group of rats serves as a positive control.

2. On the day of surgery, each rat (~270–300 gm b.w.) receives 400 μl mixture of 

ketamine hydrochloride with xylazine hydrochloride so that the final 

concentration of ketamine hydrochloride is 32 mg per rat (i.e., 80 mg/ml) and the 

xylazine hydrochloride is 4.8 mg per rat (i.e., 12 mg/ml).

3. Clean area for surgery with Betadine, to be followed by 70% ethanol, and cover 

the area with clean tissue towel. Turn on a heat lamp to maintain proper 

temperature of the surgical area. Use sterile scissors and forceps for all 

procedures.

4. Maintain a clean rest area (with animal beddings) with a heat lamp so that 

anesthetized rats can maintain its body temperature.

5. Freshly prepare a stock of 10 mg/ml EZ-Link™ sulfo-NHSLC-biotin in PBS (10 

mM sodium phosphate, 0.15 M NaCl) containing 1 mM CaCl2.

3.2 Surgery

1. Weigh rats and record.
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2. Inject ketamine/xylazine anesthetic mixture (~400 μl per rat at ~300 gm b.w.) 

intramuscularly onto his right thigh using the 28-gauge insulin needle. It usually 

takes ~1–2 min before rats are under anesthesia. Turn on heat lamp to maintain 

normal body temperature of the anesthetized rats. Keep rats in a clean rest area 

(with animal beddings).

3. Allow injected rats to rest for 5–10 min. Observe the loss of eye reflex response 

and maintenance of a steady breathing pattern to ensure rats are under complete 

anesthesia. Move rats to the surgery area, with their head/eye area covered with a 

moist tissue paper to avoid eye injury.

4. Ensure both testes have descended to the scrotum. Rinse scrotal area with 70% 

ethanol.

5. Expose testes by making a small incision of approximately 1 cm in the middle of 

the scrotum.

6. Load 100 μl of EZ-Link™ sulfo-NHS-LC-biotin (at 10 mg/ml, biotin reagent 

dissolved in PBS containing 1 mM CaCl2) stock gently under the tunica 

albuginea using a 28-gauge insulin syringe.

7. After biotin reagent administration, move rats to a clean rest area.

8. Allow rats to rest for 30 min. These rats remain under anesthesia for at least 

~40–50 min.

3.3 Sample Preparation

1. After 30 min, euthanize rats by CO2 asphyxiation using slow displacement of 

chamber air with compressed carbon dioxide from a CO2 tank at 20–30% per 

min.

2. Following euthanasia, remove testes from the scrotum using a pair of sharp 

scissors, immediately rinse each testis in ~20-ml ice-cold PBS in a Petri dish to 

remove any blood contamination (only handle the testis with a pair of forceps, 

avoiding touching the organ with hands).

3. Snap-freeze each testis in liquid nitrogen and store them in labeled specimen 

bags at −80 °C.

4. Cut 7 μm-thick frozen cross sections of the testes in a cryostat at −22 °C.

5. Fix frozen cross sections of the testes at room temperature (RT) in 4% PFA 

(paraformaldehyde) (in PBS, 10 mM sodium phosphate, 0.15 M NaCl, pH 7.4 at 

22 °C) (w/v) for 10 min.

6. Wash cross sections with PBS, three times at RT.

7. Stain cross sections with Alexa Fluor 555-streptavidin at a dilution of 1:250 for 

30 min at RT.

8. Wash cross sections with PBS for three times at RT.

9. Stain cell nuclei in cross sections with 4′,6-diamidino-2-phenylin-dole (DAPI).
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3.4 Image Requisition and Data Analysis

1. Acquire images using a standard fluorescence microscope or confocal 

microscope. Typical images are shown in Fig. 1, illustrating the intact BTB in 

normal rat testes which blocks the diffusion of biotin across the barrier to enter 

the adluminal compartment. However, the BTB which has been disrupted by 

cadmium treatment fails to block the diffusion of biotin across the 

immunological barrier.

2. To semi-quantify the extent of BTB damage, measure the distance traveled by 

biotin in the tubule (DBiotin) and the radius of the same tubule (DRadius). For an 

oval-shaped tubule, the radius is the average of the shortest and the longest 

distance of the tubule. The extent of the BTB damage (E) can be expressed in 

percentage (n = 3 rats, a total of ~150–300 randomly selected tubules) as:

E = [DBiotin/DRadius] × 100%

3. At least 50–100 tubules are randomly selected and quantified from a total of n = 

3 rats with a total of 150–300 tubules.

4. Calculate the E for each experimental group, and compare each group using 

appropriate statistical method.
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Fig. 1. 
A study to assess the BTB integrity based on an in vivo functional assay. A membrane-

impermeable protein biotinylation reagent sulfo-NHS-LC-biotin was loaded under the tunica 

albuginea of the rat testis under anesthesia using ketamine HCl/xylazine. The sulfo-NHS-

LC-biotin rapidly diffused across the entire testis. An intact BTB blocked the passage of 

biotin into the apical compartment of the seminiferous epithelium. Thus, the biotin (red 

fluorescence) was detected near the basement membrane of the seminiferous tubules and the 

interstitial space as noted in the normal (−ve Ctrl) testis group. However, in the positive 

control group wherein rats were treated with CdCl2 at 3 mg/kg b.w. by i.p. (for 3 days) 

which was earlier shown to induce irreversible disruption of the BTB [29, 31], biotin 

diffused into the apical compartment of the seminiferous epithelium. The yellow bracket 

indicates the distance traveled by biotin. Basement membrane was annotated by dashed 

white lines. Image in inset is the lower magnified view of the testis cross section. Scale bar, 

30 μm; 220 μm in insets. The bar graph below summarizes the semi-quantified data 

regarding the extent of BTB damage (E) shown in the representative micrographs above 

between normal (−ve Ctrl) group and CdCl2-treated (+ve Ctrl) group. DBiotin, Distance 
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traveled by biotin in the tubule; DRadius, the radius of the same tubule. **, p < 0.01 by 

student’s t-test
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