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Introduction

Intravital microscopy (IVM) is a powerful tool for elucidating 
biological processes with high spatial and temporal resolution in 
living subjects. It has been widely applied in diverse fields includ-
ing immunology,1-3 cancer biology,4,5 stem cell biology,6 nanopar-
ticle delivery,7-9 drug discovery10 and biomarker research,11 etc. 
These research areas greatly benefit from the unique ability to 
serially perform high spatial resolution and high sensitivity imag-
ing of IVM. In many important disease processes, rare, dynamic, 
microscopic events are fundamental to gain a systems-wide under-
standing. For example, circulating cancer cells are of interest as a 
predictive biomarker and as metastatic progeny in various types 
of tumors, but it is unclear when and how these rare cells enter the 
circulation.12 The sequence of events by which a normal or cancer 
stem cell orchestrates tissue replacement is poorly understood, 

Intravital microscopy (IVM) is a powerful tool for imaging of dynamic events in living subjects and benefits from flexibility 
of various tissue preparation techniques. For example, a “tissue flap” (TF) approach initially affords high spatial resolution 
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despite improved models like skin,13 mammary gland14,15 and 
intestine.16 How and which tumor cells interact with a particular 
stromal cell type from the host organ is unknown, despite well-
known molecular mechanisms of metastasis,17 angiogenesis18 and 
tumor-microenvironment interactions.19,20 Taken together, the 
sequence of events that initiate and maintain these rare micro-
scopic processes are poorly understood, and would greatly benefit 
from serial imaging approaches.

Serial imaging at high spatial and temporal resolution is 
the ideal approach for understanding rare, dynamic molecular 
events. A common but complex approach involves the implanta-
tion of tissue window devices containing optically clear glass cov-
erslips in the skin. This technique, called the “window chamber” 
approach, affords long-term, serial, high-resolution in vivo imag-
ing. These window devices offer several advantages over alterna-
tive surgical exposure methods [i.e., tissue-flap (TF) techniques] 
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with TF by IVM. Given its efficacy in patients, we hypothesized 
that the incorporation of a TAB to the TF technique would allow 
improved temporal resolution in a TF model for the following 
reasons: (1) the TAB may prevent tissue adhesion, which might 
improve the ability to perform dissection and consequently result 
in decreased postoperative hemorrhage, (2) the TAB may result 
in reduced inflammation and thus reduce the undesired fluores-
cent signal from the inflamed tissue, (3) placing the TAB beneath 
the tissue flap is simple and does not require a long, complex, sur-
gical procedure, (4) due to the hydrophilic properties of the TAB, 
it can be quickly grafted to the TF without anchoring sutures and 
(5) the barrier is biodegradable.

In this study, we compare the quality of sequential images 
obtained by the conventional tissue flap (TF) method and the 
tissue flap method with the tissue adhesion barrier (TF + TAB) in 
the same animal. We first established IVM of two tissue systems 
within the tissue-flap, the normal and developing 4th mammary 
gland in transgenic fluorescent mice, and fluorescent mouse lym-
phoma cells and stromal components within the inguinal lymph 
node (ILN). For repetitive inguinal lymph node imaging, we 
orthotopically transplanted cell lines derived from a transgenic, 
orthotopic mouse lymphoma model.32,33 The Eμ-myc transgenic 
mouse model expresses the Myc oncogene in B cells, which 
results in mice with transplantable lymphomas. We performed 
bilateral TF procedures, which were treated or not-treated with 
TAB. Interestingly, in the presence of the TAB, we observed a 
decrease in tissue adhesions compared with the untreated side. 
Furthermore, we observed a significant decrease in tissue injury 
as evidenced by the presence of intact microvasculature in the 
lymphoma model, the presence of intact mammary ducts, and 
the growth of developing mammary ducts. Overall, this simple 
and novel approach can be generalized to any TF technique used 
throughout the body, and can be used to serially image rare, 
dynamic microscopic events at various sites in living subjects.

Results

Determination of the TAB properties and grafting of the TAB 
in mice. We wanted to graft the TAB in transgenic, fluorescent 
mice, and so we first established its fluorescence characteristics 
by directly interrogating it using IVM. We observed the native, 
non-hydrated form of the adhesion barrier generated autofluo-
rescence when excited at 488 and 561 nm, but not when excited 
with far-red light of 633 nm (Fig. S1A). Twenty-four to forty-
eight hours after grafting, the membrane becomes a hydrated 
gel, resulting in resorption within 1 week. Importantly, after 
soaking the TAB in PBS solution (a solution we used to roughly 
mimic the environment that the TAB would experience in liv-
ing subjects), we observed no autofluorescence at all three 
excitation wavelengths (Fig. S1B). Thus, we ensured that any 
detected fluorescence signal is not due to the grafted TAB. Next, 
we applied the TAB to a TF model in living mice. First, the 
TF was fully exposed and anchored to the underlying platform  
(Fig. 1A and B). After each imaging session, a 1 × 1 cm square 
section of sodium hyaluronate and carboxymethylcellulose mem-
brane (Seprafilm® Adhesion Barrier, Genzyme Corporation, 

including reduced frequency of surgery, improved sample stability 
and direct optical view of microscopic locations within the tumor 
microenvironment. Window devices have been applied to sev-
eral specific tissue sites of interest, including cranial windows,21 
mammary windows4 and dorsal skinfold windows.22,23 While 
this imaging approach shows significant benefit for serial imag-
ing, it requires surgical skill for successful window implantation. 
The dorsal skinfold window chamber method is commonly used 
but typically does not permit visualization in orthotopic settings, 
which are more biologically accurate and relevant for modeling 
human disease.24 The window, when placed within the mouse, 
can constrain tissue and stromal growth, and typically results in 
a mechanical property mismatch between native tissue and win-
dow. Furthermore, the window may act as a physiological bar-
rier for dynamic events that require 3D geometry, like molecular 
diffusion and interstitial flow. Some regions of murine anatomy 
may also be located at sites that are challenging or impossible to 
place a window over (e.g., lymph nodes). Lastly, the commercial 
availability of devices specially tailored for specific tissues is lack-
ing. Therefore, a convenient, inexpensive and flexible method 
which can be applicable to orthotopic tissues and cancer models 
for serial in vivo imaging is required.

Another commonly used method which can be applied ortho-
topically and preserve the physiological environment is the TF 
method.25-27 The TF models require a surgical procedure which 
can be simple and at times fast to perform, and can be easily 
mastered and well tolerated by the mice.28 Despite the advan-
tages of TF imaging compared with window chamber imaging, a 
major limitation is that serial surgery is challenging and produces 
adverse effects. Frequent surgical access causes excess pathologi-
cal inflammation of the target tissue and deterioration of image 
quality. A consequence of serial, TF imaging is dense, postop-
erative, fibrous adhesions beneath the TF. Repeat dissection in 
the presence of tissue adhesions results in unwanted hemorrhage, 
continued pathological acute and chronic inflammation, and dis-
rupted wound healing. For fluorescence imaging, these processes 
can increase undesired fluorescent signal from tissue damage 
(which may include leaked fluorescent protein and autofluores-
cence) and thus reduce the ability to resolve fluorescent entities 
of interest. Therefore, serial surgery in TF models is limited; thus 
a typical TF experiment is a one-time, lengthy study that may 
extend from one to tens of hours. We therefore reasoned that 
preventing tissue adhesions is a potential strategy to enable serial 
imaging at discrete time-points over a period of at least weeks.

Seprafilm® is a commercially available, sterile and bioresorb-
able TAB composed of two anionic polysaccharides, sodium 
hyaluronate and carboxymethylcellulose. Seprafilm® has been 
approved for human use since 199629 and is indicated for patients 
undergoing intra-abdominal surgery,30 as an adjunct intended 
to reduce postoperative adhesions. Additionally, it has received 
increased attention for use in other surgical applications of the 
central31 and peripheral nervous system as well as gynecologic 
surgery. Approximately 24 to 48 h after grafting, the TAB 
becomes a hydrated gel that is slowly resorbed within one week. 
To the best of our knowledge, despite its wide use and increasing 
interest, Seprafilm® thus far has not been used in conjunction 
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lymph node and large microvessels (Fig. 2A, middle panel). 
In stark contrast, the presence of the TAB resulted in mainte-
nance of both the discoid shape of the lymph node and large 
microvessels (Fig. 2A, right panels). We suspected that the TAB 
resulted in decreased tissue injury. To demonstrate this, we per-
formed two channel IVM on the left and right tissue flaps for the 
same experiment as above. We imaged several fields of view and 
performed mosaic analysis to visualize the entire flap. Initially, 
both TFs clearly demonstrate large and small microvasculature  
(Fig. 2B, top left and bottom left images). However, by day 8, 
as well as day 12, mosaic images of the vascular bed within the 
tissue flap demonstrate extensive loss of structural integrity, and 
the presence of punctate green fluorescence from lymphoma cells 
(Fig. 2B, top middle and top right images). In contrast, mosaic 
images taken after post-operative TAB placement demonstrate 
maintenance of structural integrity of microvasculature and pres-
ence of EGFP+ lymphoma cells (Fig. 2B, bottom middle and bot-
tom right images). Supporting these findings, we also observed 
the presence of fluid/blood collection in the presence of the TF 
alone (Fig. S2, top three panels) but not in the presence of the 
TAB (Fig. S2, bottom three panels). Overall, IVM imaging dem-
onstrates that the TAB maintains tissue architecture of the lymph 
node and associated microvasculature, permitting serial visual-
ization of EGFP+ cells in an orthotopic lymphoma model.

Fig. 1C), the TAB, was grafted anatomically inferior to the TF, 
superior to the peritoneum, to prevent post-operative dense adhe-
sion. Because the tissues were moist, the graft was immediately 
hydrated upon placement. Serial imaging in the flap entailed 
making a new incision every 3–4 d for up to 2 weeks. We per-
formed direct comparisons in the same mice by treating the 
TF on one flap with the other side acting as control (Fig. 1D). 
Overall, we established grafting of the TAB and determined its 
fluorescent properties.

Serial imaging of inguinal lymph node in mouse lymphoma 
model. An advantage of the TF approach is that it can be appli-
cable to an orthotopic cancer model. We used an orthotopic lym-
phoma model in which we imaged EGFP-labeled lymphoma cells 
in the inguinal lymph node 8–10 d after injection. We wanted 
to ascertain the effects of serial imaging on the lymph node and 
associated vasculature. We performed serial imaging on day 0, 
3, 8 and 12 (data not shown for day 3). A TF was used on each 
side of the mouse, and the TAB was placed only on the right side, 
immediately after surgery, prior to closure.

Routine bright light macroscopic images demonstrate the 
lymph node prior to lymphoma growth (Fig. 2A, left panel), with 
intact large vasculature in the center of a discoid shaped lymph 
node. Bright light macroscopic images on day 12 in the absence of 
the TAB demonstrate loss of integrity of both the discoid shaped 

Figure 1. experimental set up for in vivo imaging. (A) experimental set-up for intravital imaging. Shown is the microscope stage, microscopic objective, 
illumination sources and an anesthetized live mouse with a TF. (B) closer view of (A). Inguinal lymph node or fat pad exposed with the TF method. The 
head of mouse is to the top left, and tail of mouse is to the right, underneath surgical drape. (C) Image of the TAB. The membrane was cut into  
1 × 1 cm segments and attached to the skin to cover the inguinal lymph node or fat pad. (D) Left ILN or fat pad was repetitively imaged by a TF ap-
proach. The right side of the mouse was serially imaged by the TF approach along with the application of the TAB. (Left) Images of the right and left TF 
were compared in the same animal. After each imaging session the flaps were closed on both sides, with (right flap) or without (left flap) the TAB (right).
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placed post-operatively, the mammary ducts stayed intact, with 
little or no non-specific fluorescence outside the field-of-view. 
Furthermore, in the presence of the TAB, serial imaging of the 
same field-of-view successfully demonstrated the very same indi-
vidual mammary ducts, buds, and branches at later times, as 
far as day 21 (Fig. 3B, bottom four panels and Fig. 3C, three 
panels). We demonstrated similar results in another strain of a 
transgenic green fluorescent mouse, demonstrating our results 
were not specific to a particular strain of mice (Fig. S3). Overall, 
both bright light imaging and IVM imaging demonstrate that 
the TAB maintains tissue architecture of the ducts, including 
maintenance of individual ducts and of the pattern of branch-
ing between ducts. Without TAB treatment, there is a loss of 
duct resolution and an increase in non-specific peripheral fluo-
rescence, which hampers single-cell visualization and even semi-
quantitative analyses of phenomena within the mouse.

Sequential tracking of individual branches of developing 
mammary gland. In the mouse, the mammary epithelium uses 
invasion of terminal end buds, ductal elongation, lateral (side) 
budding and lateral branching as mechanisms of growth.19 
Terminal end buds are morphologically distinct, highly motile, 
stem cell-enriched, club-like epithelial structures that invade 
stroma.35 The glands grow extensively in a matter of a few days, 
but normally the only way to observe this process is by excising 
the tissue and performing whole mount analysis. Thus analysis 
of the same, individual mammary duct, growing over time in 
the same mouse, cannot be achieved. We wanted to perform 
serial imaging and tracking of individual growing mammary 
ducts during mammary gland growth. We used the TAB post-
operatively and imaged the developing mammary tree between  
2.5–4 weeks in the FvB-GFP mouse. At 2.5 weeks, we identi-
fied the nipple and the primary duct prior to extensive branching 
(Fig. 4, first panel). At 3 weeks, we observed initial increased 
branching (Fig. 4, second panel). At 3.5 weeks, we begin to 
observe overall growth of the mammary tree, as well as several 
terminal end buds (third panel, terminal end buds labeled with 
“•”). At 4 weeks, we observed further overall growth of mam-
mary tree characterized by branching and elongation from ter-
minal end buds (Fig. 4, fourth panel, branching and elongation 
from terminal end buds labeled with “▲”) and lateral budding 
(Fig. 4, 4th panel, lateral budding labeled with “◆”). Overall, 
serial imaging with the TAB enables dynamic understanding of 
the global growth of the mammary tree; in particular, it allows 
tracking of individual mammary ducts from the initial stages of 
the nascent mammary tree to formation of terminal end buds, 
formation of lateral budding and branching.

Discussion

In this study, we demonstrate nondestructive, serial in vivo imag-
ing of a TF using a commercially available TAB, Seprafilm®. This 
convenient, inexpensive and flexible method afforded the abil-
ity to obtain serial images of several important tissues within a 
surgically exposed TF. Using conventional imaging approaches, 
rare, dynamic and microscopic events at the level of cells are 
normally not captured at orthotopic sites. Here, we demonstrate 

Sequential imaging of mammary duct architecture. Another 
important component of the TF is the mammary gland located 
within the mammary fat pad. The mammary gland is central 
to understanding the biology of normal mammary stem cells,15 
cancer stem cells34 and breast stroma in the setting of breast 
cancer.28 Here, we wanted to determine the ability to serially 
image the mammary ducts, the parenchymal component of the 
mammary gland, in the presence of TAB. We used a transgenic 
mouse in which the mammary ducts fluoresces bright green in 
relation to the stroma. Again, we performed routine bright light 
macroscopic imaging, here at 21 d, after six serial surgeries; the 
images demonstrate loss of tissue integrity in the mammary fat 
pad without the TAB (Fig. 3A, left panel), but preservation of 
the mammary fat pad with the TAB (Fig. 3A, right panel). Next, 
we wanted to determine if the mammary duct parenchyma was 
preserved during serial IVM imaging in the same field-of-view 
(FOV). We performed imaging on days 0, 3, 7, 10, 14 and 21 (on 
day 3 and 10, data not shown). We visualized the entire mam-
mary gland, encompassing several FOVs with mosaic analysis. In 
non-treated TFs, we found that, starting on day 7 and extend-
ing to day 21, there was a decrease in spatial resolution of our 
images. Concurrently, we noticed increasing, non-specific fluo-
rescence peripherally, and decreased presence of ducts through-
out the mosaic (Fig. 3B, top four panels). In the presence of TAB 

Figure 2. Sequential imaging of ILN in mouse lymphoma model. 
(A) Representative macroscopic picture of ILN on day 0 (left). In the 
middle, a picture of the ILN in the left TF on day 12 is shown after four 
separate serial imaging sessions and surgery procedures. On the right, 
a picture of the ILN in the right TF applied with the TAB on day 12 after 
four separate serial imaging sessions and surgery procedures is shown. 
(B) comparison of serial ILN images (on day 0, 8 and 12) obtained from 
the TF alone and TF + TAB approaches in a mouse lymphoma model. 
Red represents vasculature imaged by several blood imaging agents 
(see methods), on days 0, 8 and 12, respectively. Green represents eL-
Arf-/- lymphoma cells implanted for this orthotopic lymphoma model. 
Arrow (↑) depicts intersection of three large blood vessels on the interior. 
Arrow head (▲) depicts small blood vessels. Scale bar indicates 500 μm.
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but its field-of-view is limited and, furthermore, does not in gen-
eral permit visualization of orthotopic cancers,24 which are more 
relevant to real human disease. As a result, several studies have 
incorporated a window for tissue-specific serial imaging, in tis-
sues like breast, liver or brain. For example, serial intravital imag-
ing using a mammary imaging window was recently reported by 
Kedrin et al.4 They demonstrated the fate of single breast can-
cer cells by photoactivation of a fluorescent reporter gene and 
serial imaging of the photoactivated cells. This approach has 
an advantage because cells are visualized multiple times within  
24 h. Nevertheless, this technique was not (and likely cannot) 
be used to image endogenous mammary gland tissue, due to 
limitations in imaging depth and in FOV. The use of a window 
also can have subtle effects on three-dimensional biological pro-
cesses such as interstitial flow of lymphatics, small molecules and 

serial imaging with Seprafilm® applied to two important soft 
tissues within an abdominal tissue flap, the ILN and the mam-
mary gland. We demonstrate that the TAB affords serial imag-
ing of several components of the ILN unencumbered by excess 
undesired fluorescent signal due to tissue damage, including clear 
delineation of the vasculature and fluorescent lymphoma cells. 
Furthermore, we illustrate that not only supporting, but also 
parenchymal tissues can be serially imaged, by imaging the adult, 
fluorescent mammary gland every 3–4 d, for up to two weeks. 
By preventing loss of mammary architecture through serial imag-
ing, our imaging data demonstrate the efficacy of the TAB. Last, 
we demonstrate serial imaging in a model of stem cell-driven 
mammary duct growth, and demonstrate the ability to track the 
dynamic formation of the terminal end buds, mammary ducts, 
and side branching in the same mouse over weeks.

Our major finding was that Seprafilm® TAB appears to pre-
vent inflammation, adhesions, and tissue injury, and thus affords 
the ability to perform serial imaging at improved temporal fre-
quency and number of imaging sessions. With the TAB, we 
observed less procedural hemorrhage. Furthermore, we observed 
less procedure-related tissue injury when inspecting the TF when 
performing serial imaging of the adult mammary ducts. Lastly, 
we also observed decreased non-specific fluorescence peripherally 
in the presence of TAB. An important consideration is the source 
of the non-specific fluorescence. In our mouse model, EGFP is 
constitutively active in all the cells, so the non-specific fluores-
cence could be due to a variety of phenomena. Most likely, it is 
due to autofluorescence from damaged tissues and dying cells 
as the tissue (and thus tissue adhesions, etc.) is repetitively torn 
apart for each imaging session. However, there are other poten-
tial contributors; one possibility is that the fluorescence is due 
to damaged mammary ducts that have degenerated and are still 
retaining fluorescence. Another possibility is that the fluorescence 
represents immune cells which have homed to the injured site in 
the absence of the TAB. We also observed changes in the overall 
integrity and shape of the fat pad in the absence of the TAB. 
Taken together, these findings highlight the dramatic differences 
between the presence and the absence of the TAB.

A second major result was the ability to dynamically track 
individual microscopic events in orthotopic abdominal sites, 
such as cells homing to the lymph node, or stem cell-driven 
ductal growth. On day 8 with the TAB, lymphoma cells are vis-
ible early in their formation of an orthotopic tumor (Fig. 2B,  
TF + TAB, 2nd panel). Furthermore, in the presence of the TAB, 
these lymphoma cells can be sequentially visualized (Fig. 2B, TF 
+ TAB, 3rd panel). Last, the formation of terminal end buds and 
the initial branching events that transpire during mammary gland 
development can be visualized and addressed to specific locations. 
Since little is known about what initiates these processes in a live 
mouse, our new dynamic experimental approach provides new 
avenues to perform fundamental research on a variety of impor-
tant problems by examining them in living subjects, rather than 
in vitro, tissue biopsies, or using excised organs.

When comparing serial imaging with TAB to a window 
chamber approach, we also note some advantages. The dorsal 
skinfold window chamber is the most commonly used device, 

Figure 3. Sequential imaging of mammary gland in transgenic mouse 
expressing GFp in mammary ducts. (A) Macroscopic image of mammary 
fat pad in left TF on day 21 after six surgical procedures and imaging 
sessions (left). Image of fat pad in right TF applied with adhesion barrier 
(TF + TAB) on day 21 after six serial surgical procedures and imaging 
sessions (right). Fat pad is outlined by dashed line. (B) comparison of 
serial images of the 4th mammary gland on day 0, 7, 14 and 21, from TF 
and TF + TAB conditions, in the same adult mouse. Arrows demonstrate 
the same mammary ducts serially imaged. Arrowheads designate unde-
sired fluorescence signal due to tissue damage. Scale bar indicates  
500 μm. (C) Same as in (B), except in another mouse for the TF+TAB 
condition. Days 0, 7 and 14. Dashed circle demonstrates same field of 
view in the same mouse. Scale bar indicates 500 μm.
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imaging. This can be used to glob-
ally interrogate a tissue of interest over 
time. The TABs themselves are not 
limited to a particular size, and thus 
only the surgery itself will limit the 
ability to perform orthotopic imaging. 
Overall, we note several advantages 
to the approach of using a TF with a 
TAB.

We note that an article was pub-
lished very recently which uses 
Seprafilm® during serial imaging using 
two photon microscopy at 2 h, 24 h and 
8 weeks in the context of imaging of 
exteriorized liver tissue.36 In this study, 
Seprafilm® allowed successful serial 
imaging of an exteriorized liver lobe. 
Thus, in addition to our study which 
establishes the ability to serially image 
lymph node and mammary tissue, 
Tanaka and colleagues’ study demon-
strates the use of Seprafilm® for serially 
imaging liver (though the study does 
not detail high-frequency Seprafilm® 
use, such as imaging every 3–4 d, does 
not image changes in parenchymal tis-
sue, and does not compare Seprafilm® 
use to other techniques for serially 
imaging liver). Seprafilm® therefore 
appears to be generally useful in the 
serial imaging of abdominal and likely 
other regions of murine tissues.

An important concern may be 
the effects of the hyaluronan-based 
Seprafilm® membrane on the physi-

ological condition or biological function of tissues. Lee and col-
leagues37 reported that hyaluronan alone increased colon cancer 
cell growth, while demonstrating that Seprafilm® decreased tumor 
formation. In another study, Seprafilm® did not affect growth 
and metastasis of colon cancer in a human xenograft/nude mouse 
model.38 A second concern is the impact of the frequency of sur-
gery on the physiological state of the tissue as well as the animal. 
In the case of the tissue flap with the TAB, our data suggest that 
surgery does not affect the underlying physiology. For example, 
mammary glands of developing mice (2.5–4 weeks of age) under-
went physiological growth even when imaged serially every 3–4 d  
(Fig. 4), and we observed that imaged mice were able to give rise 
to a normal litter of pups. Nonetheless, physiological changes are 
valid concerns and will require continued investigation.

In conclusion, herein we report the nondestructive, serial 
imaging of a TF using a TAB in living subjects over weeks and 
its application to lymph node/lymphoma and mammary gland 
imaging. This convenient, inexpensive, and flexible method 
enable us to serially obtain images of ILN vasculature, lym-
phoma cell migration and the mammary gland, every 3–4 d, for 
weeks. Although more detailed analysis regarding the effect of 

growth factors; therefore our approach, provided that inflamma-
tion is controlled, would have an advantage. Furthermore, during 
chronic imaging with a window, the window can often become 
covered with inflammatory exudates resulting in fibrosis. This 
can alter the opacity of the window near the area of contact with 
the underlying tissue bed, and thus decrease the ability to seri-
ally image because of a decreased FOV, decreased spatial resolu-
tion, and decreased fluorescent signal intensity. It is likely that an 
approach based on a TF with a TAB will be beneficial in experi-
mental systems where window exudates are a limiting factor.

Another advantage to using a TAB compared with a window 
approach is that it is inexpensive and does not require special 
surgical skills for window implantation. Since the barrier can be 
easily attached to the skin due to its hydrophilicity, it does not 
require any complex surgical manipulation. Additionally, it does 
not require a special design for a specific tissue, and thus is gen-
eralizable. As an example, our approach permitted us to dynami-
cally image developing, 3-week-old mice, which are significantly 
smaller and more fragile than adults, and would likely be unable 
to bear a window chamber. Furthermore, the use of the TAB with 
a TF allows a larger FOV than a window, thus allowing mosaic 

Figure 4. Serial imaging of fluorescent mammary gland in developing mice with TF and TAB. The 
growth of mammary ducts in eGFp expressing FvB-GFp developing mouse (2.5–4 weeks, n = 3). Arrow 
(↑) demonstrates nipple. circle (●) demonstrates terminal end buds. Arrow head (▲) demonstrates 
branching and elongation from terminal end buds. Diamond (◆) demonstrates lateral (side) budding 
branched from the developing mammary tree. Scale bar indicates 500 μm.
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or lymph nodes, to the underlying styrofoam. A single TF was 
dissected, fixed to the board, and imaged at one time. After graft-
ing of TAB, the TFs were closed with a nonabsorbable suture, 
and the mice were recovered under anesthesia, returned to their 
cage, and followed carefully in the postoperative period, and daily 
thereafter. One hundred microliters sterile PBS (Phosphate buff-
ered Saline, InVitrogen) was added periodically to the TF during 
imaging to prevent the tissue from dehydration.

Intravital microscopy. Images were collected with an intravital 
laser scanning microscope (IV-100, Olympus Corporation) using 
Olympus UplanFL objectives and Olympus FluoView FV300 
version 4.3 software. A set of lasers which excite at 488, 561, 633 
and 748 nm were used to illuminate both EL-Arf-/- lymphoma 
cells and the microvasculature. Three types of blood vasculature 
imaging agents were used for sequential imaging, due to the long 
retention of dyes in vasculature. AngioSense680 (NEV10054, 
PerkinElmer), Dextran Tetramethylrhodamine, 2,000,000 MW, 
Lysine Fixable (D-7139, Life Technologies), and SAIVI™ 715 
Injectable Contrast Agent (2 μm Microspheres, S31203, Life 
Technologies) were all used as blood vasculature imaging agents. 
The volume of injection was based on manufacturer’s instruc-
tions. In detail, 2 nmol/150 μL 1× PBS of AngioSense 680,  
100 μL of 5 mg/mL Dextran solution, or 100 μL of SAIVI™ 715 
Injectable Contrast Agent were injected per mouse, respectively. 
No major differences in microvasculature were seen across agents.

Image acquisition and analysis. After optimization, all image 
stacks were acquired using identical laser power and photomulti-
plier tube voltage settings. All images were recorded and stored 
as *.oib format, and later converted to *.avi or *.tiff formats for 
further analysis using image analysis software (ImageJ, v1.44p). 
With a 4× objective, the typical field of view was 2297.92 × 
2297.92 μm or approximately 2.3 × 2.3 mm. Unless otherwise 
noted, the image size was 320 × 320 pixels, and therefore with 
a 4× objective each pixel was 51.5 μm2 or 7.18 × 7.18 μm. For 
the 10× objective the pixel size is 2.87 × 2.87 μm. The speed 
of acquisition was 8–10 μs/pixel and the depth stack contained 
approximately 10–20 slices at 25–50 μm per axial slice, depend-
ing on objective and magnification.

Motion correction. Motion and uneven plane of imaging 
were two major problems with this approach. To counteract these 
issues, motion correction was employed using Image J (version 
1.44p), using the Stackreg/Turboreg plugins. For creating a pro-
jection image from a depth stack, the “Z stack” function was used.

Generation of mosaic. For generating a mosaic image, several 
overlapping projection images were then “stitched” together using 
the “MosaicJ” plugin in ImageJ. Most images were maximum 
intensity projection (MIP) images that were stitched together.
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the TAB on physiological state and biological function is needed, 
this relatively flexible and easily applied technique has potential 
to improve our understanding of fundamental biology, including 
dynamic microscopic events in living subjects.

Materials and Methods

Cell culture. Eμ-myc/Arf-/- lymphoma cells, which harbor 
loss-of-function regions in the Arf gene, were derived by inter-
crossing Eμ-myc transgenic mice with Arf-null mice, all in the 
C57BL/6 background as described previously.32 EGFP/luc (EL)-
transfected Eμ-myc/Arf-/- cells were cultured with a 1:1 mixture 
of High Glucose Dulbecco’s modified Eagle medium (DMEM, 
Invitrogen) and Iscove’s Modified Dulbecco’s Medium (IMDM, 
Invitrogen) with 10% fetal bovine serum (FBS, Invitrogen) and 
1% Penicillin/Streptomycin (Invitrogen) on irradiated Mouse 
Embryonic Fibroblast (MEFs) feeder cells.

Murine Lymphoma Model. All animal studies were approved 
by The Stanford University Institutional Animal Care and Use 
Committee. C57BL/6 mice (female, 6 weeks of age) were pur-
chased from Charles River Laboratories. An amount of 1 × 106 
EGFP+ EL-Arf-/- lymphoma cells were cultured in vitro, diluted 
with 200 μl of Phosphate Buffered Saline (PBS, Invitrogen) and 
injected intravenously via the tail vein as described.32 EGFP+ cells 
homed to the inguinal lymph node and we visualized them with 
IVM around 8–10 d after injection.

Transgenic mice for mammary gland imaging. The pcx-
GFP mouse [cytomegalovirus immediate early-enhancer with 
chicken-β actin promoter and first intron driving enhanced GFP 
(EGFP)]39 was a kind gift from Dr Michael Clarke (Stanford 
Hospitals). The FvB CAG-GFP mouse (#003516; Jackson 
Laboratory) was used in which the CAG promoter drives the 
EGFP protein. In both mice, EGFP expression is ubiquitously 
expressed. However, because the mammary epithelium strongly 
expresses fluorescence compared with background tissue, mam-
mary ducts were clearly visualized by IVM. For sequential imag-
ing of stationary mammary ducts, 6–8-week-old female mice 
were used. For the imaging of developing mammary ducts, 
2.5–4-week-old GFP mice were used.

Surgical exposure of TF and grafting of TAB. All animal 
studies were approved by The Stanford University Institutional 
Animal Care and Use Committee. Surgery was performed on a 
covered, thin styrofoam board placed on a heated stage. Animals 
were anesthetized with isofluorane (1–2%), hair was removed 
from mice using depilatory cream. To minimize the risk of induc-
ing an acute inflammatory response, sterilized surgical tools 
and sterile saline was used. The vertical and lateral portions of 
a Y-shaped incision were used for uniform, bilateral exposure of 
both the inguinal lymph node as well as the mammary gland for 
IVM. The incision was made through the skin on down to the 
peritoneum to create the TF. Care was taken to preserve super-
ficial branches of the femoral artery and vein. After skin and 
subcutaneous tissue was divided, the lymph node within the 4th 
mammary gland was identified, and the TF was everted. Full 
exposure and planar orientation was achieved by fixing the edges 
of the flap, which are free of major blood vessels, mammary ducts, 
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