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Intravital microscopy is increasingly used to visualize and
quantitate dynamic biological processes at the (sub)cellular
level in live animals. By visualizing tissues through imaging
windows, individual cells (e.g., cancer, host, or stem cells) can
be tracked and studied over a time-span of days to months.
Several imaging windows have been developed to access tis-
sues including the brain, superficial fascia, mammary glands,
liver, kidney, pancreas, and small intestine among others. Here,
we review the development of imaging windows and compare
the most commonly used long-term imaging windows for can-
cer biology: the cranial imaging window, the dorsal skin fold
chamber, the mammary imaging window, and the abdominal
imaging window. Moreover, we provide technical details, con-
siderations, and trouble-shooting tips on the surgical proce-
dures and microscopy setups for each imaging window and
explain different strategies to assure imaging of the same area
over multiple imaging sessions. This review aims to be a use-
ful resource for establishing the long-term intravital imaging
procedure.

Introduction

Intravital microscopy (IVM) is a well-established technique
by which tissues can be imaged at (sub)cellular resolution in
living animals.! By visualizing various cell types, non-cellular
structural factors (extracellular matrix), fluorescently-tagged
proteins or fluorescent biosensors over time, many dynamic
(patho) physiological processes can be investigated.”> For
example, intravital imaging of fluorescent glioma brain tumors
uncovers that individual cells migrate along blood vessels
(Fig. 1A). To gain imaging access to tissues deep inside ani-
mals such as orthotopic cancers of the breast, brain and liver,
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imaging sites can be surgically exposed.®® However, this tech-
nique is not conductive to repetitive imaging, and even when
animal vitals are tightly measured and controlled surgical IVM
can only be performed up to 40 h.® To extend imaging over
days or months, several imaging windows have been developed
(Fig. 2). By utilizing imaging windows, animals can recover
from anesthesia in between the imaging sessions and tissues
can be visualized up to a year, so that processes such as tumor
growth become visible at cellular resolution (Fig. 1B).>'* In this
technical resource, we will review various imaging windows
used for cancer research, and provide technical details, consid-
erations, and trouble-shooting tips.

Introduction of Imaging Windows

Already in the early 19th century, the first reports on cranial
imaging windows (CIW) appeared. In 1811 a physician in Iraly
inserted a wooden cylinder topped with a watch glass in the skull
of a dog to study brain motions caused by intrathoracic pres-
sure.” Since then, several others contributed significantly to the
establishment of the CIW, such as Donders, who eliminated the
air in between the window and brain by administering fluid as
the window was pressed into place.” In 1928, Forbes published
a CIW method in which he describes the complete immobiliza-
tion of the skull and the insertion of an air-tight window with
relatively normal intracranial pressure to gain imaging access to
brain tissue to visualize pia mater blood vessels."” Since that time
this imaging window has been widely used to study neocortical

16,17

plasticity and structure,'®" cerebral circulation,” and pathologi-

cal processes that take place in the brain such as ischemic stroke,”
injury,? degenerative disease,” and cancer.?

To visualize skin tissue, Algire developed the dorsal skinfold
chamber (DSC) by adapting earlier “transparent-chamber tech-
niques” from the rabbit ear and skin to mice.”?** The chamber
has proven popular for studying various processes including
microcirculation,” tumor growth,?® angiogenesis,” and ischemic
reperfusion.”® More recently, the mammary imaging window
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Figure 1. Intravital microscopy of tumors through imaging windows.
(A) A 3D reconstruction of a murine orthotopic glioma (GL261-H2B
Dendra2). The time-series show single cells migrating along the vessels.
Nuclear localization of the photoprotein allows accurate single cell track-
ing. Green: tumor cell nuclei; Red: Dextran-labeled vasculature. Scale
bar, 12 um. (B) 4T1 tumor cell growth was visualized at day 1, 3 and 7 fol-
lowing tumor implantation through the dorsal skinfold chamber. A HIF-1
reporter (HRE-GFP) was expressed in tumor cells (CMV-RFP) and both
were visualized using fluorescence microscopy. The vasculature is shown
in red and was visualized using white light. Scale bar, 300 um. Reprinted
from reference 102 with permission from Elsevier.

(MIW) was developed to visualize breast tissues and tumors.?*

Importantly, the MIW was the first imaging window that
allowed for the study of genetically driven tumors that recapitu-
late the progression of human mammary carcinomas' in addi-
tion to more conventional xenograft tumor models.”’ To visualize
abdominal organs like the small intestine, kidney, spleen, pan-
creas and liver, the abdominal imaging window (AIW) was
developed.®# In recent studies we have used the AIW to study
intestinal stem cell homeostasis,'? as well as how colorectal can-
cer cells colonize the liver and form metastases.** In addition to
the MIW and AIW, two groups developed a spinal cord imag-
ing window to study cellular dynamics and regeneration after
spinal cord injury.*3* Moreover, to study immune cell motil-
ity and response to infection, imaging chambers for lungs have
been developed.®*® However, in contrast to all other imaging
windows, the lung imaging windows do not allow for repeated
imaging and are not suited for long-term (>1 d) studies.’>* In
this manuscript, we will focus on the imaging windows that are
frequently used for long-term cancer studies: the CIW, DSC,
MIW, and AIW (Fig. 2).
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General Considerations for Surgical Implantation
of Imaging Windows

When surgically implanting imaging windows, several gen-
eral surgical aspects must be taken into account including main-
tenance and control of vital parameters, analgesia, anesthesia,
and post-operative care. Inaccurate use of each of these tech-
niques may result in death, severe pain, or failure of the surgical
procedure, and are therefore of critical importance. Below, we
will discuss each surgical aspect in detail.

Pre and peri-operative care

In humans it is common for patients to fast before undergo-
ing surgery to prevent food or liquid from being vomited and
aspirated into the lungs. Rodents are incapable of vomiting, thus
eliminating the need to fast them.?” We recommend shaving and
depilating the mouse prior to surgery, and applying a betadine
scrub. This decreases the chance of infections caused by bacterial
flora on skin and hair remnants. Moreover, it is recommended
to work in an aseptic environment to avoid infections, which
can cause failure of CIW experiments.'®* Furthermore, surgical
tools and imaging windows must be sterilized (for example, by
an autoclave/hot bead sterilizer) or disinfected (immersion into
70% ethanol).’*° To reduce the chance of inflammation and cell
attachment (including immune cells), the coverslip can be coated
with PEG (polyethylene glycol).*!

Vital parameters

Hypo and hyperthermia can cause death during surgery.®® At
room temperature, a mouse can lose 1 degree of body tempera-
ture every 5 min, so regulation and monitoring of temperature
during surgery is essential. Ideally, body temperature should be
maintained near 37 °C, which can be accomplished by the use
of a heat pad or lamp.®#" A heat pad with adjustable temperature
is advisable (Tables 1 and 2). In case of a non-adjustable heat
pad, filter papers or tissues placed between the heat pad and the
animal may help to control the body temperature of the mouse.
To monitor body temperature during surgery, the use of a rec-
tal probe is recommended. Besides body temperature, other vital
parameters can be monitored using non-invasive monitors like
the MouseOx Plus (Tables 1 and 2). This equipment is specifi-
cally designed to probe vital signs in small rodents and provides
measurements of the arterial oxygen saturation, heart and respi-
ratory rate, temperature, and pulse and breathing distention.*

Anesthetics and analgesics

Anesthetics are used to sedate animals and analgesics are used
to relieve animals from pain. Anesthetics can either be inhaled or
injected, whereas analgesics are usually injected. The choice of an
anesthetic and analgesic method is determined by several param-
eters: the type of surgery to be performed, the depth of anes-
thesia, and the extent and ease of the procedure. Furthermore,
depending on the type of experiment to be performed, certain
anesthetic or analgesics might cause unfavorable side effects. For
example, isoflurane has been shown to induce cerebral vasodi-
lation whereas ketamine causes vasoconstriction and increases
cerebral blood flow.®* These effects should be evaluated if

important for the experimental setup.
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from reference 32, reprinted with permission from AAAS.

Figure 2. Most frequently used imaging windows in cancer research. (A) The CIW: the coverslip is glued onto the skull. The image depicts a coverslip and
ametal ring. (B) The DSC: the metal frame of the window is clamped around the dorsal skinfold. Photograph shows the window chamber, retaining nuts
and glass window. Scale bar, 1 cm. Photograph reprinted from reference 39 by permission from Macmillan Publishers Ltd: Nature Protocols. (C) The MIW:
a purse-string suture tightens the skin around the MIW. The photograph depicts the titanium MIW. (D) The AIW: a purse-string suture secures the AIW
onto the abdominal wall and skin. The photograph depicts the titanium AIW with the groove in the side and is adapted from reference 32. All cartoons

Isoflurane is a widely used inhalation anesthetic for rodent
surgery and the first choice over injectable anesthetics® due
to a fast induction and recovery, good control over anesthesia
depth and length, and minimal impact on hemodynamics.?44
Isoflurane requires oxygen as a carrier and the dose used for
maintenance varies from 0.5 to 3% (vol/vol) in O,.>*° Note
that the actual dose varies depending on the equipment and
animal strain, sex, age, and condition. The depth of anesthe-
sia is adequate when the palpebral reflexes are absent and the
animal is unresponsive to external stimuli such as a toe pinch.
A constant heart and respiratory rate is important, and gasp-
ing (agonal) respiration should be prevented.’”*' At rest, mice
have an average respiratory rate of 180 breaths per minute.
During anesthesia, a reduction of over 50% in respiratory rate
is expected, and a breath rate between 50 and 100 breaths per
minute is acceptable for mice.”” Isoflurane has been successfully
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used to surgically implant the MIW, AIW, and DSC."*" This
anesthetic has also been used for CIW surgery,”® however, it has
been reported that it can intensify dura mater bleeding during
the operation (Table 2).'® Additionally, the use of an inhalation
mask restricts the handling of the animal and makes head fixa-
tion on the stereotactic frame more challenging.
Ketamine/Xylazine combinations are widely used as inject-
able anesthetics for surgical procedures at concentrations vary-
ing from 80 to 100 mg/kg for Ketamine and 5 to 10 mg/kg for
Xylazine. The recommended dose for imaging window surgery
of Ketamine (100 mg/kg) and Xylazine (10 mg/kg) induces a
surgical plane for about half an hour.' Cardiovascular depres-
sion and ketamine irritancy due to low pH are the main dis-
advantages of this combination.”® For surgeries that require a
long time (>1.5hr) such as CIW, the combination of Hypnorm
(Fluanison [neuroleptic] + Fentanyl [opioid]) (0.4 ml/kg) +
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Table 1. Window surgery equipment

Equipment Company Product Window
Anesthetics scavenger VET tech solutions LTD OR Active scavenger unit GEN
Harvard Apparatus Fluovac GEN
Antiseptic surgical scrub Betadine Betasept Antiseptic Surgical Scrub GEN
Balance Denver Instruments Multiple available DSC
Buprenorphine hydrochloride BD pharmaceuticals limited Temgesic (0.3 mg/ml) GEN
Clipper Wella Contura clipper GEN
Warner Instruments Small Diameter Coverglass (5mm, #1) DSC
Cover glass VWK international Coverslips round 6 mm Ciw
Thermo Scientific Menzel Glazer 12 mm MIW, AIW
Cyanoacrylate glue Henkel Pattex Ultra Gel CIw, AlwW
Dental cement Vertex dental Vertex Self-Curing ciw
Drill Dremel Dremel 3000 (dental drill m.ay be more convenient) + 105 aw
Engraving Cutter
Forceps Roboz surgical instruments Co Graefe forceps curved! serrated GEN
Neolab-DUMONT Forceps No. 5, smooth tying platform GEN
Heating pad Inventum Holland VB GEN
Hypnorm VetaPharma Ltd Hypnorm (Fentanyl citrate 0mS|)1 5mg/ml+ Fluanison 10mg/ aw
Induction cage Techniplast Induction cage with autoclavable filter top GEN
e e e
Isoflurane Vaporizer Isotec OR Vet;’;ch solutions Anesthetics machine GEN
Midazolam Actavis Midazolam Actavis 5mg/ml cw
Needle BD microlance 16 gauge needle DSC
Needle holder Aesculap GEN
Opthalmic ointment Kela Veterinaria Duodrops veter kela 10 ml GEN
Scissors Roboz surgical instruments Co Microdissection scissors 3.5 inch GEN
Silicone oil Sigma- Aldrich Silicone oil Cw
Stereotaxic frame Stoelting Lab standard™ stereotaxic, rat and mouse ciw
Sterile surgical gloves SemperMed GEN
Sterilizer Cell point Scientific Germinator 500 GEN
Surgery light Schott Acel DSC
Surgical drape Medline industries GEN
Surgical stereo microscope Olympus DSC, CIw
Sutures Ethilon/Ethicon Polypropylene sutures (4.0) DSC, MIW, AIW
Vital sign monitors Starr Life Sciences Corp. MouseOx Plus GEN
Window (chamber) frame AJIF:,,?:;;?;;UQZ)G?NC Tanium A OL’;/:':/\;)- j:dME;I?ZZgié;r;a; mects BOsER2 Mlva’séIW
’ Window chamber, C-holder, screws, retaining ring

The window column indicates for which type of surgery the equipment is used: DSC, CIW, MIW, AIW or GEN (general equipment for all surgeries).

Midazolam (benzodiazepine sedative) (2 mg/kg) (Table 1) at a
dose of 1:1:2 in sterile water is advised. This anesthetic supplies
deep sedation for up to 4 h, which can be reverted by the injec-
tion of 100 pg/kg of buprenorphine (Table 1).

For each anesthetic alternative, an adequate analge-
sic drug should be supplied. Subcutaneous or intramuscular

administration of an opioid analgesic such as buprenorphine
(100 pg/kg) prior to the operation is recommended for mice
under inhalation anesthesia. Ketamine/Xylazine and Hypnorm/
Midazolam cocktails already contain an analgesic component
that exerts its effect during the surgery. Post-operative admin-
istration of buprenorphine will provide additional pain relief for
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Table 2. Troubleshooting imaging window surgeries

Problem Possible reason Solution DSC

Solution

MIW Solution AIW

Solution CIW

Hypo/Hyperthermia
Mouse dies during

Control the power of the heating pad and measure

Control the power of the heating
pad and measure mouse

mouse temperature.
temperature.

surgery
Excessive anesthesia

Reduce the amount of anesthesia.

Adjust the amount of anesthesia
per mouse weight.

Bleeding during drilling

Vascular damage
and dura mater removal

Control the bleeding by the
Gelfoam sponge.

NA Precisely perform these

procedures under a

stereomicroscope.

The suture was placed too

close to the skin edge.
The window falls out NA

The dental cement was
applied on the skin

Mouse needs to be sacrificed because
the tissue underneath the window is NA
most likely dehydrated.

Glue the skin and apply the

NA
dental cement on the skull.

Be more
) ful duri - . -
Bleeding underneath caretutduring Remove the liquid under the window as indicated above (Table 4). Be
. Vascular damage surgery; : .
the coverslip ) more careful during surgery; cauterize wound.
cauterize
wound.
The mouse head is not Ensure that the mouse head is
The mouse head moves properly fixed on the NA firmly fixed by ear bars and a
stereotactic frame. teeth holder.
Wait a day.
Sometimes organ
settling takes about
The abdominal organ Too little glue was used to fix 2
moves underneath the 9 . NA Use gels like CyGel NA
. the organ to the window.
window to reduce organ
movement.'?

Take out the window by cutting the
stitch and place it again.

No aseptic working
environment was maintained
or the instruments were not
sterile.

There is an infection
underneath the window
(white cloudy liquid)

Euthanize the mouse. Next time provide antibiotics.

NA indicates not applicable.

up to 12 h. As mentioned above, buprenorphine is an antago-
nist of Hypnorm and speeds its reversion, thus it should not be
used as a preoperative analgesic in combination with Hypnorm/
Dormicum. The use of a topical or subcutaneous local analgesic
such as Xylocaine (1%) at the incision site will provide additional
pain relief.

Post-operative care

Following surgery, it is necessary to monitor the animal for
pain and discomfort (Table 3). If needed, an additional dose of
buprenorphine can be supplied. Other anti-inflammatory drugs
such as Carprofen (5 mg/Kg) or Dexamethasone (0.2 mg/Kg)
are often supplied to prevent inflammation and brain swell-
ing when performing a CIW.!*5 However, it is important to
realize that suppression of the immune system, for example by
reduced immune cell infiltration,’®” can affect important study
parameters. For instance, immune cell infiltration has been
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shown to be involved in neoplastic progression and migration.’®>

Additionally, analgesic drugs can affect the neoplastic micro-
environment, particularly macrophages infiltration and angio-
genesis.®*®! In the case of the DSC it is key to provide the mice
with antibiotics (sulfamethoxazole and Trimethoprim [95 mg/kg
Sulfatrim] or similar) in their drinking water because it reduces
possible bacterial-induced inflammatory responses.®*® To pre-
vent complications in long-term studies, antibiotics can also be
administered for the CIW. After the surgery, it is important to
house the mice solitarily to avoid window damage or detachment.
A warm, dry and quiet environment is recommended to reduce
hypoxemia and shivering. Also, in case of severely anesthetized
animals, an oxygen-enriched atmosphere and intraperitoneal
or subcutaneous fluid therapy may support a faster recovery.
Administration of a maximum of 0.6 mL of 0.9% saline solution
in the subcutaneous space of a mouse every half a day can prevent
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Table 3. Clinical parameters of distress

the incision site.

Parameter Signs Cause
Activity level Hypo activity (hunched, lethargic), hyperactivity, restlessness, lack of curiosity. Pain.
Attitude No awareness of surroundings. Depression, pain.
Behavior, . . . .
Squealing, self-trauma, isolation from cage mates. Pain.
spontaneous
. Vocalization, h grinding, str ling, hiding, ressiveness, unwillin move, rdin .
Behavior, Provoked ocalization, teeth grinding, struggling, hiding, aggressiveness, u g to move, guarding Pain.

Body Condition Tenting of the skin, missing anatomy, dehydration, anorexia, absence of feces and urine. Reduced food and fluid intake.
. - ) Failure t .E i
. Ruffled or greasy or dull fur, porphyrin (red) staining around eyes and nose, cyanotic or pale a! unie ° groom' xces§|ve
Fur and skin S A - - : L licking/scratching. Pain.
ears, feet, tail, skin lesions, soiled anal or genital area. Redness and swelling at incision site. Infection
Extremities Cold, blue, hot or red. Hypo or hyperthermia.
Eyes Clarity/condition of lens, sunken or protruding eyes. Pain. Failure to groom.
Posture Hunched back, tucked abdomen, head tucked down. Pain.
Locomotion Lameness, favoring a limb, upright or downwards. Pain, physical blockade.
Neurological Tremor, convulsion, weakness, circling, paralysis, head tilt, coma. Neurological trauma.
Vital Signs Respiratory distress (open mouth breathing, agonal Shortage of oxygen. Pain.

breathing, pronounced chest movement).

dehydration.’”” The animal should be monitored for discomfort
by visual examination of behavior, appearance and weight at least
twice per week (Table 3).

Considerations for each imaging window

The four window implantations discussed in this article con-
sist of a coverslip inserted in a metal frame that protects and gives
optical access to the tissue of interest (Fig. 2). Titanium has been
the metal of choice for the frame due to its biocompatibility.*®
High-grade stainless steel is less bio-compatible® but is a less
expensive alternative for titanium when the frame of the imag-
ing window is not adhered directly to any tissue. The anatomical
position of every imaging window requires a different method of
fixation to the mouse. In contrast to other optical windows, the
chronic CIW uses skull bone as a rigid support to fix the position
of the coverslip (Fig. 2A). This solid support allows the acquisi-
tion of high quality images of the brain for up to a year.”” This
is in contrast to other tissues where there is no bone available for
chamber fixation and chambers are therefore fixed to soft tissues
such as the skin. These frames result in a higher failure probabil-
ity due to detachment from their anchor points. Consequently,
the time that DSC, MIW and AIW can be used for imaging is
often limited to a few weeks. Below we explain the particulars of
each window, include a surgical guide and provide a table that
lists the equipment and equipment vendors (Table 1).

crw

Two different CIWs are available: the chronic CIW and the
thinned skull window. For the chronic CIW, the brain is exposed
through a craniotomy and covered with a coverslip that is glued
onto the skull. By contrast, for the thinned skull window, a
microdrilled-thinned skull provides optical access to the brain
surface without the requirement of implanting a cover glass, thus
avoiding intracranial microenvironment alteration.” However,
imaging through the thinned skull window is usually limited to a
certain number of sessions due to bone regrowth and the necessity
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of thinning the skull before each session. Despite mitigation of
this issue by the reinforced thinned skull approach, light absorp-
tion by bone tissue nevertheless compromises imaging resolution
and depth.®® When selecting a CIW approach, it is important to
realize that each type of window affects the brain’s plasticity and
microenvironment differently, potentially altering experimental
outcomes.” Xu and colleagues compared the thinned skull and
chronic CIW and showed that the latter induces an increase in
dendritic spine turnover, microglia and astrocyte activation up to
1 month after imaging window surgery.”® Keeping this in mind,
the chronic CIW described in this article is a powerful tool for

long-term studies’""*

and when access to the brain is required.'*”

The window size varies from 5 to 7 mm in diameter and can
be placed on the frontal or occipital lobe depending of the region
of interest. To start the procedure, sedate the mouse by i.p. injec-
tion of Hypnorm (Fluanison [neuroleptic] + Fentanyl [opioid])
(0.4 ml/kg) + Midazolam (benzodiazepine sedative) (2 mg/kg)
at a dose of 1:1:2 in sterile water (Table 1). After ensuring by toe
pinches that the animal is fully unconscious, mount it in a ste-
reotactic frame and secure the head using a nose clamp and two
ear bars (Fig. 3A). Use a heating lamp to maintain the animal
temperature during the procedure. Apply eye ointment in order
to prevent the animal’s eyes from drying out (Table 1). Shave the
top part of the head and apply a drop of Xylocaine (Lidocaine
1% + Epinerphine 1:100,000) solution to further prevent pain.
Perform a longitudinal incision of the skin between the occiput
and forehead and cut the skin in a circular manner on top of the
skull (Fig. 3B). Scrape the periosteum underneath and apply a
drop of Xylocaine to further prevent pain. Using a high-speed drill
(Table 1), slowly and carefully perform a 5-mm circle groove over
the region of interest (Fig. 3C and D). To avoid brain overheat-
ing apply cold sterile cortex buffer (125 mM NaCl, 5 mM KCl,
10 mM glucose, 10 mM HEPES buffer, 2 mM MgSO4, and 2
mM CaCl2, pH 7.4) during the drilling process (Fig. 3E). When
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the bone flap becomes loose, gently lift it under a drop of cortex
buffer (Fig. 3F). The buffer is important to avoid brain dehydra-
tion and bleeding of the dura mater. The exposed cortical surface
must continuously be kept moist with cortex buffer. To improve
imaging resolution the dura mater can be removed with thin for-
ceps (Table 1). This step is necessary when superficial injection
is performed since the dura is a very elastic membrane. The use
of a surgical stereo microscope (Table 1) is recommended during
drilling and dura mater removal (Fig. 3D-F). Accuracy is criti-
cal to avoid bleeding and brain damage (Table 2). At this point
any tissue manipulations such as cell or dye injections required
for the experimental setup can be performed. To conclude the
procedure, seal the exposed brain with silicone oil, glue a 6-mm
coverslip (Tables 1 and 4) on top and apply dental acrylic cement
(Table 1) on the skull surface, covering the edge of the coverslip
(Fig. 3G). In order to attach the mouse to the microscope dur-
ing imaging a fixation system should be secured on the top of
the head. The fixation can be achieved by the insertion in the
dental cement of a bar or a ring (around the window) that will
be attached to the microscope by means of screws or magnets
(Fig. 3H). A light metal such as titanium or steel should be used
for animal comfort. After surgery the animal should be placed
on a heating pad (37 °C) until it recovers from the anesthesia
(Table 1). A single dose of 100 g/kg of buprenorphine (Table 1)
should be administered to prevent pain and speed the recovery
(Fig. 31).

DSC

The DSC is one of the most widely used imaging windows in
cancer biology. The window consists of two large metal frames
that fix the dorsal skin tightly together (Fig. 2B; Table 1).”* The
frames are attached to one another using screws and sutures,”
ensuring a stable fixation of the tissue within the chamber. The
relative small depth within the chamber allows easy access to
microvasculature and implanted tumors, which facilitates imag-
ing at great detail. Note that in this display tumor growth and
interaction with the stroma varies upon injection method. Cell
implantation between the dermis and the coverslip will cause
quasi two-dimensional growth. To recapitulate the interaction of
the tumor with the surrounding tissue cells should be injected
directly in the deep dermis.?®”> Because the DSC is located on
the exterior of the animal body, movement due to respiration is
restrained as compared with other chambers and can be nearly
eliminated via mechanically securing the chamber during imag-
ing. However, the location of the chamber outside of the ani-
mal’s body has the disadvantage that normal body temperature
within the window is not maintained when the mouse is kept
at optimal housing temperature (varying from 20 to 26 °C for
individual and group housing).”*”® The reduced temperature in
the DSC, along with other factors, is one reason that some slow
growing tumor models do not form tumors within the DSC.”” To
enhance xenograft tumor formation, several improvements to the
DSC have been proposed. By letting BxPC-3 cells form a tumor
before DSC implantation it was shown that tumors were formed
in DSCs, where these cells were previously unsuccessful.”” Other
methods to increase tumor growth in the DSC are the use of
matrigel during tumor cell injection, implantation of tumor
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Figure 3. CIW surgery. (A) The mouse head is shaved and fixed on a ste-
reotaxic frame. (B) The skin is cut in a circular manner around the skull
and the periosteum is scraped. (C) 5mm diameter circle is drawn around
the region of interest. (D) A groove is drilled around the region of inter-
est. (E) Cold cortex buffer is applied during drilling. (F) The craniotomy is
lifted under a drop of saline exposing the brain. (G) The brain is covered
with silicone oil and sealed with a 6 mm diameter coverslip. (H) Dental
cement is applied to cover exposed skull and a stainless steel ring is
glued parallel to the coverslip. (I) The mouse is injected with 100 wg/kg
of buprenorphine and allowed to recover on a heating pad.

pieces instead of (dissociated) tumor cells, co-implantation of
tumor cells and healthy orthotopic tissue, and housing animals
in warm temperatures (33—34 °C).#7478

To implant the window chamber begin by sedating the animal
using isoflurane (0.5-3% in O,) or other anesthetics outlined
above (Table 1). Sufficient analgesic (buprenorphine, ip [100 pg/
kg]) (Table 1) should be provided at least half an hour before the
start of the surgery, immediately following the procedure, and
twice per day thereafter for 3 d. After sedation, shave (Table 1),
depilate, and disinfect with Antiseptic Surgical Scrub or similar
(Table 1) the dorsal area from the neck to hip. Apply eye oint-
ment to prevent dehydration of the eyes (Table 1). Finally, before
any surgical procedure is started, a toe-pinch or similar procedure
to assess the state of the animal’s sedation should be conducted.

To start the chamber implantation, position the anesthetized
and shaven animal on a heating pad (37 °C) with a surgical light
available (Table 1). To begin to fit the chamber, first stretch the
dorsal skin in front of the surgical light and view the vasculature.

€29917-7



Table 4. Troubleshooting imaging

Problem Possible reason Solution DSC Solution MIW Solution AIW Solution CIW
Remove the O-ring and
the coverslip to get access Remove the liquid under the
Liquid accumulation or to the tissue. Use forceps window by inserting a 25-G
“membrane” formation can or a cotton tip applicator needle and slowly filling the NA
interfere with imaging. to remove the membrane syringe. Avoid hitting the organ
or liquid. Then replace the or breaking the coverslip.
coverslip and O-ring.
Poor visibility NA If using an inverted microscope, wait for 30-45 min until the
tissue gets closer to the objective by gravity.
The tissue of interest is too far Reduce the amount of
from the objective. silicone oil between the
NA NA coverslip and the brain. The

coverslip should be glued at
the minimal distance from
the brain.

When water objectives are
used, the amount of water in
between the objective and
coverslip may be inadequate.

The image is dark

Supply water to the objective manually or use a dispenser that
can regulate water supply automatically.

The use of an oil-immersion
lens or a dry objective can be
considered as well. However,
often a trade-off must be
made with a reduction in NA.

Bleeding under the

) Vascular damage
coverslip

Remove the liquid under the window as indicated above.
If extensive bleeding is obstructing tumor visualization, bring
mouse under anesthesia and break the window, remove the
blood and place a new window.

If tumor is still visible take no
action.

Sedation is too deep.
Mouse dies during

Establish appropriate sedation level for your experiment. For long-term experiments a low
amount of isoflurane is recommended. Control mouse breathing and maintain the temperature
at 36°C. If breathing is irregular decrease the amount of isoflurane.

imaging Mouse is hvbo/hyperthermic To avoid dehydration inject the animal with saline prior or during the imaging session. Maintain
and/o):‘?jeh y(;)rated the temperature of the mouse at 36C using a heated blanket or a heated climate chamber that
4 surrounds the microscope.
Establish appropriate sedation for your experiment.
Firmly fix the IW to the box with tape to avoid peristaltic
Mouse/organ Sedation is inadequate. The movement or breathing artifacts.
moves during the | mouse is not fully unconscious NA ; .
- . 9 : . y. Make use of a resonant scanner to increase the speed of image
imaging or is breathing irregularly.

acquisition.

Use advanced motion compensation methods to reduce
movements, 03104

Tissue is compressed if the
mouse is imaged in a non-
anatomical position. Eg. Brain
imaged through a CIW on an
inverted microscope

Tissue movement
or deformation
during imaging

Use image-processing
NA software to correct the image
deformation.

NA indicates not applicable.

By aligning the symmetrical vasculature in the light the animals
longitudinal axis can be determined, which should be marked
to allow for the chamber to be placed with an evenly distrib-
uted weight. Additional markings should be created along the
transverse axis next to the peak of the animal back. These two
lines will serve as guides for the correct placement of the win-
dow chamber. In order to implant the window chamber, it is next
necessary to fan out the animal skin and secure the dorsal skin
fold. This has been done in several ways in the past. One popu-
lar method is to suture a C-holder with 4-6 stitches, surgically
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stretching the skin (Table 1).”* Another method utilizes clamps
to pull and hold the skin in place.

The next step is to align the chamber. Typically, dorsal skin
fold window chambers are made up of a front piece and a back
piece, where the front piece is a thin metal section containing
an area for the coverslip, and the back piece contains threads for
screws (Table 1). To align the chamber, place the front piece on
the skin fan so that the top of the chamber isn’t too close to the
top edge of the skin fold (to prevent skin tear and loss of the
chamber) and the bottom isn’t so close to the mouse body that
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placing screws will penetrate the animal back muscle. When the
chamber is properly aligned, use a 16 gauge needle (Table 1) or
a hole punch to place holes cleanly through the animal’s skin,
ensuring that a hole is created by precisely puncturing the skin
rather than tearing through it, the latter of which may decrease
chamber life. Following this, the back piece of the chamber can
then be attached and screwed or affixed into place depending on
the specific chamber design in use. At this point place sutures
(Table 1) on the upper edge of the window chamber to secure
it in place. Careful attention should be paid to the tightness of
the chamber attachment: if the chamber is too loose, infection
or chamber failure could occur; too tight and blood circulation
could be cut off, leading to tissue necrosis. After these sutures
have been placed, the C-holder or other skin fold retaining
method can be removed.

After chamber attachment, skin removal can be completed by
using forceps (Table 1) to pull the skin away from the fascial tis-
sue and cutting (Table 1) the circumference around the inner rim
of the affixed window chamber. If necessary, tumor cell implan-
tation can then be completed at this point by injecting 20-60 pl
of cell suspension between the dermis and the fascia. The proce-
dure is finished by placing a coverslip (Table 1) and securing it
with a retaining ring.

Mice should be monitored both during recovery from anes-
thesia and post-surgically to ensure both animal health and
tumor growth. Following the procedure, sulfamethoxazole and
trimethoprim (95 mg/kg Sulfatrim) or similar antibiotics should
be kept in the animal water supply to prevent infection (Table 2).
Note that some antibiotics given alone or in combination with
other drugs have been shown to affect tumor proliferation, angio-
genesis, and metastasis and thus can affect the outcome of the
experiment.””®® Generally tumors will be apparent within 5-15
days, depending on the cell line and mouse model. Prior to follow
on imaging sessions retaining rings and coverslips can typically
be removed and replaced with clean coverslips, allowing for opti-
mal experimental imaging conditions.

Metal MIW

The anatomy and location of most inner organs does not allow
for the relatively convenient skin squeezing and chamber attach-
ment of the DSC, and therefore requires an alternative method of
window fixation. For the MIW, the frame is sandwiched between
the mammary gland and the skin and its position is fixed by glue
and sutures perpendicular to the window.® To prevent detach-
ment of the MIW, glue is applied to cover the sutures.”” Others
have used an adhesive bandage which covers the window for two
days, or an Elizabethan collar adapted to protect the sutures.?
The first reports of the MIW used non-reusable frames made
from acryl or plastic (both bio-inert materials) with small holes
for the sutures. However, recent studies used a metal MIW that
is based on the AIW design that does not require such measures,
and which displays a reduced risk of infection or window detach-
ment as compared with the plastic MIWs.!3282 The metal MIW
consists of a titanium ring with a groove (0.9 mm for the MI'W)
(Fig. 2C; Table 1). A purse-string suture tightens the skin within
the groove (Figs. 2C and 4). In contrast to the sutures in the
plastic MIW, purse-string stitches are located within the groove
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Figure 4. Purse-string suture fixes the AIW into the animal. (A) A purse-
string suture is placed. The suture is first placed through skin and then
through opposing abdominal wall. The outer loops (OL) are not tight-
ened, whereas the inner loops (IL) are. (B) Once the purse-string suture
is placed it should contain 4 or 5 outer loops. (C) The AIW is glued to the
organ (liver [L]) and the skin and abdominal wall are placed within the
window groove. (D) The sutures are tightened to secure the AIW in place.
All pictures adapted from reference 31 by permission from Macmillan
Publishers Ltd: Nature Protocols.

of the ring and do not need additional protection from biting
(Fig. 4).

The 4th mammary fat pad is the optimal location for insert-
ing the mammary imaging window, since this location does not
suffer from respiratory or motion artifacts. Before placing the
window, anesthetize >8 wk old mice using isoflurane 0.5-3%
in O, (Table 1). Ensure full sedation by a toe pinch, and place
the animal on a heating pad (Table 1). Shave and depilate the
area around the 4th mammary fat pad and disinfect using an
alcohol swab. Apply eye ointment (Table 1) to prevent dehydra-
tion of the eyes. Fix the animal on its back with its legs and feet
to the heating pad using tape, and make sure not to dislocate
the joints. In case of insertion of the plastic MIW, use scissors
(Table 1) to make a longitudinal incision of 10 mm and dissoci-
ate the subcutis from the cutis. Place the plastic ring in between
the mammary gland and the skin, and suture (Table 1) the skin
edge to the window using the holes. Close the wound by fusing
the window to the skin edge using cyanoacrylate glue (Table 1),
or use Neosporin ointment on the wound to prevent infection.
If immediate imaging is not required, cover the wound with an
adhesive bandage for up to two days. In case of implantation of
the metal MIW, make a 12 mm anterior-posterior incision in the
skin above the 4th mammary gland. Place a purse-string suture
along the entire length of the incision, staying approximately 4
mm from the edge (Fig. 4; Table 1).*' Insert the window on top
of the mammary gland and place the skin in the window groove.
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Macmillan Publishers Ltd: Nature Protocols.

Figure 5. Fixation of the window during imaging. (A) A custom-designed imaging box that can be mounted on top of the stage of an inverted micro-
scope. Reprinted from reference 31 by permission from Macmillan Publishers Ltd: Nature Protocols. (B) The imaging box shown from below. MIW is fixed
in the center hole. (C) Inserts for the imaging box. A CIW window insert and an AIW insert are shown. (D) An imaging mount that can be used to fix a DSC
onto a microscope stage. The three smaller holes allow the bolts on the window chamber to pass through and fix it, and the large hole permits imaging
through the window. Scale bar, 1 cm. reprinted from reference 39 by permission from Mark W. Dewhirst and Macmillan Publishers Ltd: Nature Protocols.
(E) An inverted Leica SP5 microscope with a dark climate chamber surrounding the stage is shown. Reprinted from reference 31 by permission from

Securely fix the window by tightening the suture and skin in
the window groove, and make sure to “hide” the stitch under-
neath the upper ring (Table 2). After surgery the animals are
placed on a heating pad (37 °C) (Table 1) until they recover from
anesthesia.

AIW

Similar to the titanium MIW, the ATW is a ring with a groove
on the side (1.3 mm for the AIW) (Table 1). A purse-string suture
tightens the skin and abdominal wall within the groove (Figs. 2C
and 4), leaving no direct opening to the abdomen, decreasing
the danger of infection (Fig. 4).>"% However, since the organs
move in the abdomen, for the AIW additional measures need to
be taken (see below for details).

The AIW should preferably be inserted on the lateral side of
the animal to prevent fluid accumulation of the abdomen behind
the window. When the anatomical location of the organ of inter-
est (e.g., liver) does not allow for insertion at the lateral side, it is
important to completely cover the window by the organ so that
the coverslip is sealed off from the abdomen. To implant the AIW,
sedate the animal using isoflurane as described above. Provide
sufficient analgesics (buprenorphine, 100 pg/kg i.p.) (Table 1) at
least half an hour before the start of the surgery. Apply eye oint-
ment to prevent dehydration of the eyes (Table 1). Shave (Table 1)
and depilate the entire abdomen, and disinfect using an alcohol
swab. Fix the animal on its back with its legs and feet to the heat-
ing pad using tape, and make sure not to dislocate the joints. As
described above, the abdominal imaging window is similar to the
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metal MIW and consists of a titanium ring with a groove in the
middle (Table 1). Thus, follow the procedure described for the
metal MIW up until the placement of the window. In this case,
both the abdominal wall and the skin are placed in the groove,
keeping the window secure (Fig. 4). To prevent organ move-
ment and accumulation of fluids in between the window and
organ, most organs are fixed to the window using tissue-fixatives
such as cyanoacrylate glue (Table 1) or Vetbond tissue adhesive.
Also, depending on the type of organ placed behind the AIW,
additional surgical steps can be taken to minimize organ move-
ment (Table 2) (for a detailed protocol, see ref. 31). After sur-
gery the animals are placed on a heating pad (Table 1) until they
recover from anesthesia. It can take up to 10 min for mice to
fully recover. Post-operative monitoring and treatment of pain
and possible infection is crucial for these animals.
Troubleshooting advice on IW surgeries is provided in Table 2.

Intravital Imaging through Imaging Windows

Fixation of the window during imaging

Several anesthetics can be used to sedate the animal for the
imaging experiment. As discussed above, isoflurane is the pre-
ferred method since the duration and depth of the sedation can
be precisely controlled (Table 4). When sedated by isoflurane
(0.5-3% in O,) (Table 1) and mounted on a microscope, mice
can be imaged up to 40 h.** An upright microscope is often used
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Figure 6. Retracing of the exact same field of view over multiple days. (A) A microscope with a motorized stage allows storage of regions of interest that
can be imported at request. Reprinted from reference 12 by permission from Macmillan Publishers Ltd: Nature. (B) The numbered grids on a gridded
cover glass can be visualized using reflection microscopy. The numbers can be used to retrace the same position over multiple days. Reprinted from
reference 31 by permission from Macmillan Publishers Ltd: Nature. (C) The vasculature can be used as reference point to retrace a field of view. The
microvasculature (green) isimaged through a cranial imaging window. Intravascular proliferation of injected PC14-PE6 lung carcinoma cells (red) can be
seen from day 3 onwards. Images reprinted from reference 22 by permission from Macmillan Publishers Ltd: Nature Medicine. (D) In the liver the type |
collagen network (purple) visualized by second harmonic generation imaging was used to retrace the same position of multiple days. To show retrac-
ing, the images of day 1 and day 2 were given a false color (red or green respectively) and were merged. Yellow indicates colocalization. To quantify the
amount of colocalization, the pixel intensity values of day 1 and day 2 in the merged image were displayed in a scatter plot. The Pearson correlation
coefficient (r) was calculated and the non-colocalizing pixels were displayed in falce colors (red and blue) on top of the day 1 image displayed in gray.
Scale bar, 20 um. Image from reference 32, reprinted with permission from AAAS. (E) Dendra2 labeled tumor cells (green are non-photoswitched cells
and red are photoswitched cells) imaged through a mammary imaging window. Images were taken 0, 6 and 24 h after photoswitching. Scale bar, 30 pm.

Images reprinted from by reference 29, permission from Macmillan Publishers Ltd: Nature Methods.

for CIW imaging because it allows the animal to remain in its
normal (upright) position (Table 4). For historical reasons, an
upright microscope is also generally used to image the DSC,
however inverted microscopes can also be used. In contrast, for
the MIW and AIW, an inverted microscope is advisable because
it reduces tissue movements caused by respiration.®* To prevent
imaging distortions due to tissue movement caused by respira-
tion, the mouse and the imaging window should be fixed onto
the microscope. Depending on the type of microscope (upright
or inverted), different strategies are used to fix the imaging win-
dows. Figure 5A shows an example of a custom-made imaging
box that can be fixed on the stage of an inverted microscope. The
mouse’s head is introduced into a facemask that supplies isoflu-
rane for sedation. An outlet ventilates the box, maintaining stable
levels of anesthetics. In the lower part of the box an exchange-
able metal plate is placed in which the imaging window is fixed.
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Different metal plates are used for each type of window. A hole
in the metal plate allows precise insertion of the MIW, AIW and
CIW (Fig. 5B and C). Small magnets glued to the plate around
an opening for imaging are used to fix the steel ring around the
CIW (Fig. 5C). In case of an upright microscope, a stereotac-
tic frame can be used to fix the CIW on the microscope. The
DSC can be stably fixed to the stage by a special imaging mount
(Fig. 5D). It should consist of a large central hole that permits
imaging and three small holes that allow the bolts on the window
to pass through. This imaging mount can be used on an upright
or inverted microscope.”’

Vital parameters control

A heat pad or thermal blankets underneath or above the ani-
mal can be used to maintain a body temperature of approxi-
mately 37 °C (Table 4).%%" It is important to realize that when a
non-heated water objective is used, the imaged tissue will most
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likely be cooled down by the much colder objective. For these
experiments, we recommend use of a climate chamber that sur-
rounds the whole microscope including the objective and micro-
scope stage (Fig. 5E). Since the body temperature may change
during the imaging session, it is recommended to measure the
mouse temperature during the experiment by a rectal probe in
order to adjust the heating. Additionally, the breath rate should
be checked at least every half hour by visual inspection, but ide-
ally continuously, and the isoflurane supply should be adjusted if
irregular or abnormal breathing is observed. Accurate and con-
tinuous assessment of vital parameters can be assessed by non-
invasive pulse oximetry (MouseOx system) (Tables 1 and 4). To
avoid mouse dehydration during imaging, a maximum of 500 wl
saline can be injected subcutaneously for short-term experiments
(2-3 h) prior to imaging. For long-term experiments (>3 h), it is
advisable to provide saline periodically by a subcutaneous infu-
sion system (50-100 .l / hour).*'

Repeat imaging

To image individual cells, groups of cells, or changes in tis-
sue structure over multiple imaging sessions, several strategies
have been developed to retrace imaging areas during successive
microscope sessions. When the position of the imaging window
relative to the microscope is fixed for successive imaging sessions,
a motorized stage can be used to store and relocate the coordi-
nates of imaging areas (Fig. 6A). Alternatively a numbered grid-
ded coverslip on the imaging window can be used to provide the
exact location of a previously imaged area (Fig. 6B).%* Inherent
landmarks such as the vascular networks and extracellular matrix
structures can also be used to retrace the same region (Fig. 6C
and D).*? Vasculature can be imaged after intravenous injection
of fluorescent molecules like fluorescently labeled dextrans or
fluorescent red blood cells, or by using genetic mouse models.
Extracellular matrix structures such as Type I collagen can be

acquired by second harmonic generation microscopy (SHG).>*#%-

8 Type I collagen has a highly organized structure that absorbs
the energy of two photons and reflects a single photon with dou-
ble energy and half the wavelength. However, in experimental
systems that are highly dynamic (e.g., fast migrating and prolif-
erating tumors such as gliomas), these above defined landmarks
are not stable enough for retracing imaging areas. To allow for
long-term cell tracing in dynamically changing tissues, photo-
convertable fluorophores such as Dendra2 or Kaede can be used
(Fig. 6E). The absorption and emission spectrum of these photo-
convertable proteins shifts to longer wavelengths when it is illu-
minated with violet light. Single or groups of cells can be marked
and traced over several days (Fig. 6E).? Another approach is the
use of multicolored cells using the RGB marking or Confetti sys-
tem.®”®” Using these systems the progeny of tumor cells can be
traced over time because cells of the same lineage have a similar
color. If enough colors are used, the variation in colors allows
for retracing of the same position. Autofluorescence-based
photo-tattoos are exogenous landmarks which can also be used
to relocate an imaged area at a later time point. However, because
this technique causes a change in the local microenvironment,
fixation prior or immediately after placing the tattoo is advis-
able. Thus, it is most useful to retrace intravitally imaged areas
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in cryosections.” For detailed advice on imaging implementation
and troubleshooting consult Table 4.

Future Developments

Imaging windows are a valuable tool to gain optical access
to tissues of interest. However, the surgical insertion and the
presence of the imaging window will always have at least some
influence on the imaged tissues. Ideally, one would use high-
resolution intravital imaging techniques that provide direct opti-
cal access deep inside the animal without the requirement of an
imaging window. Development of ultrasound based techniques
that excite only those fluorophores within the focal plane, such
as ultrasound-switchable fluorescence, may further advance
non-invasive deep imaging while preserving high-resolution.”®"!
However, the effectiveness of this method in vivo still needs to
be determined.

To our knowledge, all labs that utilize imaging windows anes-
thetize their animals while imaging, despite the change in tissue
physiology that the anesthetics may cause. Interestingly, micro-
objectives have been developed that can be directly coupled to
miniature microscopes (two-photon and epifluorescence) which
can be carried by freely moving mice allowing in theory continu-
ous imaging for months.”>? Although the resolution is currently
one order lower than two-photon systems,” this may soon be
overcome with new developments in micro-optics.”*

Despite the advances in the field of imaging windows, not
all organs can be imaged or are difficult to image for prolonged
periods of time. For example, the organs that reside in the tho-
rax (e.g., heart and lung) have traditionally been very difficult
to image in living animals because of their anatomical location
behind the ribs and due to respiratory movements. Recently, sev-
eral labs made technical progress in this area and are now able to
intravitally image these organs for a few hours. For the heart, a
thoracotomy was performed to expose the organ. After combin-
ing a motion stabilizer tool with an image acquisition algorithm,
imaging could be performed up to several hours.”” For the lung,
repeated whole body imaging measurements were performed
after opening the chest wall to expose the organ and regulating
lung ventilation.”® The disadvantage of this approach is that it
has limited resolution and it lacks a system to reduce respiratory
motion. In contrast, Looney and colleagues have imaged the lung
at subcellular resolution using a stabilizer device based on vac-
uum to prevent respiratory motion artifacts.” They could image
the lung with high accuracy for up to 3 h. Permanent imaging
windows for these thoracic organs would allow for repeated
measurements over days and would be of great interest to, for
example tumor biologists, to study lung metastases. Some of the
specialized and distinct regions that are present in the brain have
been difficult to image at high-resolution as well because they are
beyond the imaging depth of a multi-photon microscope (<1.6
mm).”” Therefore, guide tubes implanted in the brain have been
used that allow repetitive insertion of micro-optical probes to
visualize the pyramidal neurons in the hippocampus and blood
flow dynamics in deep brain gliomas.”® However, this approach
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has several limitations, such as reduced imaging area (<1 mm)
and resolution, alteration of brain architecture, and induction of
glial response to the inserts.”

The currently used windows can also be further improved.
For example, surgery-induced fibrosis is a problem of window
surgeries, especially in the abdomen. Seprafilm Adhesion Barrier
is used in the clinic to prevent fibrosis-induced adhesion of
organs and has also yielded promising results during skin flap

surgeries,”” !

but has so far not been used for imaging window
surgeries. Other areas of improvement should focus on extending
the imaging time, reducing the weight of the windows without
compromising the field of view and reducing exudate accumula-
tion behind the window.

In conclusion, imaging windows are helpful tools to study
individual and groups of cells in tumorigenic and healthy tissues
by intravital microscopy. In this manuscript, we have established
a framework for how to implant the most widely used imaging

windows for cancer research, and described how to use them for
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