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a  b  s  t  r  a  c  t

Repetitive  in  vivo  imaging  in  mice  has become  an  indispensable  tool  for studying  dynamic  changes  in
structure  and  function  of the brain.  We  describe  a head  fixation  system,  which  allows  rapid  re-localization
of previously  imaged  regions  of  interest  (ROIs)  within  the  brain.  Such  ROIs  can  be  automatically  relocated
and imaged  over  weeks  to  months  with  negligible  rotational  change  and  only  minor  translational  errors.
eywords:
ead fixation device
-Photon imaging
lzheimer’s disease

Previously  stored  imaging  positions  can be fully  automated  re-localized  within  a  few  seconds.  This  auto-
mated  rapid  and accurate  relocation  simplifies  image  acquisition  and  post-processing  in  longitudinal
imaging  experiments.  Moreover,  as  the  laser  is only  used  for data  acquisition  and  not  for  finding  previ-
ously  imaged  ROIs,  the risk  of laser  induced  tissue  damage  and  photobleaching  is  greatly  reduced.  Thus,
here  described  head  fixation  device  appears  well  suited  for in  vivo  repetitive  long-term  imaging  in rodent
brain.
. Introduction

In vivo 2-photon imaging of the brain has led to an increased
nderstanding of many fundamental processes such as dendritic
pine turnover (Grutzendler et al., 2002; Yang et al., 2009), glial
otility/activation (Nimmerjahn, 2005; Davalos et al., 2008), and

eural activity (Trachtenberg et al., 2002; Dombeck et al., 2007;
usche et al., 2008) as well as early events in neurodegenera-
ive disease progression. For example, in studies of mouse models
f Alzheimer’s disease-related pathology, in vivo 2-photon imag-
ng has produced substantial novel findings including �-amyloid
laque dynamics, and plaque-associated local toxicity, e.g. den-
ritic and spine abnormalities or alterations in calcium homeostasis
Bacskai et al., 2001; Meyer-Luehmann et al., 2008; Busche et al.,
008; Dong et al., 2010). An essential and unifying prerequisite for

ongitudinal studies of dynamic processes in vivo is the ability to
mage the same brain volume repetitively over long periods with

reat precision. Thus, for repeated imaging of the same positions, it
s desirable to reliably identify an origin for the coordinate system
hat contains the positioning information in all three dimensions.

∗ Corresponding author at: Department of Cellular Neurology, Hertie-Institute for
linical Brain Research, University of Tübingen, D-72076 Tübingen, Germany. Tel.:
49 7071 29 87606.

E-mail address: christian.liebig@medizin.uni-tuebingen.de (C. Liebig).
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In most existing protocols, the head fixation allows for rotation
in some or all planes (Nimmerjahn, 2005; Nase et al., 2005; Bolmont
et al., 2008; Meyer-Luehmann et al., 2008; Holtmaat et al., 2009;
Judkewitz et al., 2009; Yang et al., 2010; Sigler and Murphy, 2010;
Kelly and Majewska, 2010; Spires-Jones et al., 2011). These rota-
tions and additional translational changes have to be compensated
for in order to be able to align and compare brain volumes between
imaging sessions.

One solution, to overcome positioning errors, is to mark rela-
tively stable biological entities, such as blood vessels or labeled
neurons and use them as landmarks. These landmarks can either be
used to relocate to a position under visual control or to correct pos-
sible rotational or translational shifts between imaging sessions in
the post-imaging analysis process (Meyer-Luehmann et al., 2008;
Bolmont et al., 2008; Holtmaat et al., 2009; Kelly and Majewska,
2010; Spires-Jones et al., 2011). However, relocation with the aid
of landmarks by a visual narrow down approach and compari-
son of previous images is time-consuming and thereby increases
the time the animal needs to be under anesthesia. It also often
involves the usage of the laser which might cause photobleaching
and tissue damage by heat absorption or phototoxicity. Further-
more, in all approaches involving landmarks the labeling occupies

an additional fluorescent channel that could otherwise be used for
additional analysis.

Another option to reliably acquire the same data set, without
loss in each imaging session, could be to image larger areas to

dx.doi.org/10.1016/j.jneumeth.2011.10.029
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:christian.liebig@medizin.uni-tuebingen.de
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nsure that all relevant data is still captured within the 3D volume.
his enables one to compensate for possible changes in the post-
rocessing analysis without losing data. However, enlargement of
he imaged area while keeping the same resolution extends imag-
ng time and laser usage on the tissue, increasing the overall risk of
issue damage by heat or phototoxicity.

Taking the above issues into consideration we present a novel
ead fixation system that allows fixing a co-ordinate system on
he first day of imaging. Stored ROIs can then be quickly and
utomatically re-located with negligible rotational and only minor
ranslational changes in subsequent imaging sessions.

. Methods

.1. Head fixation device

The head fixation stage is mounted in the 2-photon microscope
etup and consists of a horizontal fixation plate mounted on two
luminum blocks and a resting plate for the animal (Fig. 1A). A
itanium ring (14 mm outer diameter; 0.73 g) is permanently fixed
o the mouse head over a cranial window (4 mm in diameter).
he titanium ring has a counterpart mounted under the 2-photon
icroscope (Fig. 1B) immobilizing the mouse during the imaging

rocedure. In order to control for rotations in all planes, yaw, pitch
nd roll (Fig. 1C), the titanium ring has a frontal guide notch and

 circular guide groove (Fig. 1D), which slides into the horizontal
xation plate within the imaging setup (Fig. 1E and F). The guide
roove and notch ensure that the animal’s head is always fixed at
he same angles during imaging sessions. The anesthetized mouse
an be easily restrained and fixated by sliding the titanium ring into
he horizontal fixation plate and closing the attached swivel fixa-
ion plate with a clamping bolt (Supplementary Movie 1) to secure
he titanium ring. The use of only one clamping bolt also minimizes
hifts that might be caused by tightening several screws (Dombeck
t al., 2007; Hadlock et al., 2007). The rigid head fixation setup will
ot change during the imaging process. The mouse rests on a heat-

ng pad to control body temperature during anesthesia. The mouse
s anesthetized with 1–1.5% of isoflourane, which is delivered by a
ustom made anesthesia mask.

.2. Automatic re-localization

The horizontal fixation plate is mounted on a motorized x–y
tage, with parts from the integrated in vivo bridge (380FM-2P;
uigs & Neumann, Ratingen, Germany) removed to accommodate
he new system. In order to ensure that any saved co-ordinates are
e-usable for subsequent imaging sessions, the stage must have a
eliable reference position. In our case the stage is set to zero by
oving it to the top-right corner (xy limit) prior to each imaging

ession. Alternatively, one could initialize the stage using an elec-
romechanical reference system (e.g. by using linear encoding) or a
oftware based calibration using an optical reference on the stage
Jin et al., 2011). Once the stage is initialized and the animal is head
xed, previously stored positions can be quickly re-located without
sage of the laser. The repositioning from one completed position
o the next position can be done without any further corrections.

.3. Material for head fixation stage and assembly

2 aluminum block of 100 mm × 40 mm  × 25 mm (A)
2 aluminum block of 100 mm × 80 mm  × 27 mm (B)

2 aluminum cylinders of 182 mm in length and 60 mm diameter
(uprights)
1 aluminum block of 160 mm × 160 mm × 55 mm  (support plat-
form)
nce Methods 205 (2012) 357– 363

1 aluminum plate of 228 mm × 40 mm × 2 mm (stable plate)
1 aluminum plates of 65 mm × 15 mm × 2 mm (swivel plate)
4 aluminum plates of 40 mm × 15 mm × 2 mm
1 aluminum disc 5 mm diameter and 5 mm  thick
1 (or as desired) titanium disc 14 mm diameter and 2 mm thick
(fixation ring)
4 grub screws 4 mm diameter and 10 mm  long (C)
2 steel screws 6 mm  diameter and 25 mm long (D)
2 steel screws 6 mm  diameter and 30 mm long (E)
1 copper cylinder of 10 mm diameter and 40 mm long (clamping
bolt)

The sizes may  vary depending on the motorized stage and
microscope used. For example in our setup, the height of the upright
aluminum cylinders was chosen to make use of the full working
distance of the objective in relation to the cranial window with-
out touching it. Following the designs described in the technical
drawings (Supplementary Fig. 1) attach A to the motorized stage
using screws D. Connect the uprights to B using screws D.  Slid B
into A and fix with the grub screws (C). Do not over tighten the
screws, as it will deform the aluminum of B, which will in turn
stop the ease of removal and replacement of this system. Place the
support platform on both uprights ensuring the trough lies below
the top of the uprights. Over this, place the fixation plate (with
connected swivel plate, brace plates and aluminum disc attached)
and connect it to the support platform and uprights using screws E
(see Supplementary Fig. 1 for detailed technical drawings).

2.4. Cranial window and fixation of the titanium ring

In the present study APPPS1 transgenic animals were used to
evaluate the system under in vivo conditions. �-Amyloid deposits
were visualized in vivo by intraperitoneal injection of the amyloid-
binding dye Methoxy-X04 24 h prior to each imaging session. All
experimental and surgical procedures were performed in accor-
dance with the policies on the use of animals in neuroscience
research of the Society for Neuroscience and German Law. The mice
were weighed to determine the appropriate amount of anesthe-
sia administered by intraperitoneal injection (Fentanyl 0.05 mg/kg,
Midazolam 5 mg/kg, Medetomidin 0.50 mg/kg). The animals were
placed on a warming pad to maintain a body temperature of ∼37 ◦C
during surgery. The hair was shaved off the complete scalp down
to the neck with a small rodent razor. The mice were fixed in a
stereotactic frame and both eyes were lubricated with a drop of
eye ointment to prevent them from drying. A midline scalp inci-
sion was  performed extending from the neck region to the front
of the head between the eyes. The region of the craniotomy was
outlined with forceps using a custom made cover slip as a tem-
plate. We  then drilled along the outline taking care not to use too
much pressure and to pause regularly in order to prevent heat gen-
eration. A thin layer of bone was  left after the drilling process. To
test if the bone was thin enough the middle of the craniotomy was
touched with forceps. If the bone could be pushed down easily the
drilling process was completed. A drop of PBS was  put onto the
craniotomy to gently remove the left over bone with forceps in
order to expose the skull. Great care was taken not to injure the dura
mater. A cover slip was  put onto the dura mater and gently pushed
down until it was flush with the skull. Dental cement (iBond,
Heraeus) was used to secure the cover slip to the skull surface.
The titanium ring was mounted above the craniotomy using super-
glue (Sekundenkleber, Uhu). The inner part of the titanium ring
was glued to the existing layer of dental cement. Dental cement

was also used to support the titanium ring from the outside to
further increase stability of the system. Two to three interrupted
sutures were performed at the front of the head and the neck
until the skin surrounding the titanium ring was completely closed
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Fig. 1. (A) Fully constructed fixation device under the 2-photon microscope with an infrared camera used to monitor the animal during the imaging progress. (B) Mouse
with  titanium ring fixed to the horizontal fixation plate under the 2-photon microscope. (C) The guide notch and groove of the titanium ring and the respective counterparts
of  the horizontal fixation plate reduce tilting in all 3 dimensions (yaw, pitch and roll). (D) Titanium ring for fixation to mount onto the mouse (top and side views). (E) Main
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orizontal plate for fixation (closed (E) and open (F) view; scale bar = 15 mm).  The 

easonable time/material expenditures.

see Supplementary Fig. 2). Appropriate amounts (equal to amount
f anesthesia) of antidote were administered (Flumazenil 0.5 mg/kg
Fresenius Kabi), Atipamezol 2.5 mg/kg (Atipam, Albrecht) half
y subcutaneous injection and half by intraperitoneal injection.

nalgesia in combination with sterile saline was  administered

e.g. Temgesic 0.1 mg/kg) by intraperitoneal injection. The mice
ere monitored until they were fully awake and mobile again

nd were then returned to their housing cage. We  recommend a
uction can be done with standard metal shop equipment (lathe/milling/saw), and

recovery period of 4–5 days before imaging to ensure that the
surgery was successful. If the surgery was not performed correctly
it can lead to bleedings or thickening of the dura mater. Both will
have a negative impact on imaging quality.
Using this surgery protocol we  could not detect inflammation
in histological sections stained for Iba-1 directly after surgery in
comparison to a control animal, which has not received surgery
(Hefendehl et al., 2011). Furthermore, microglia cells were imaged
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(±0.88) �m in xy and 0.50 (±0.08) �m in z (Fig. 2G, n = 10). The
60 J.K. Hefendehl et al. / Journal of Neu

or up to 6 months in a recent study to ensure that the surgery
oes not induce long-term changes in morphology (Hefendehl et al.,
011).

.5. Other surgery techniques

We  also used the titanium ring in combination with other sur-
ical methods, e.g. thinned skull preparations. As the shape of the
itanium ring provides a stable cavity, open skull preparations can
lso be performed for electrophysiological experiments, using the
itanium ring as a frame for the silicon seal (e.g. KWIK-Cast Sealant,

ord Precision Instruments). A comparable design has been pub-
ished by Judkewitz et al. (2009) lacking however the features to
liminate potential rotation. For cranial window preparations and
hinned skull the titanium ring provides a stable bath for objec-
ive immersion. For our purposes (see e.g. Hefendehl et al., 2011)
e predominantly perform a bi-hemispherical cranial window and
ount the titanium ring in the middle of the skull. However, our

ead fixation system is also used on one hemisphere only to image
arrel cortex. This experiment is performed in awake mice show-

ng that the head fixation device is stable enough to support studies
n awake animals. (Personal communication with C. Schwarz and
. Joachimsthaler, Systems Neurophysiology, Hertie Institute for
linical Brain Research, Tuebingen.)

.6. Animal welfare

Animal caretakers and scientists monitor the animals on a daily
asis. No obvious change in behavior or restriction in movement
as observed (Supplementary Movie 2). Animals, which received

urgery at about 3 months of age, have reached the lifespan of
ittermates that did not receive surgery. A device that is per-

anently attached to a mouse’s head should account for 5% of
otal body weight or less (Local Animal Care and Use Committee).
ssuming a mouse weight of 25–30 g the titanium ring accounts

or 2.4–2.9% of the total body weight. After approval by the local
nimal Care and Use Committees and in accordance with the vet-
rinary office regulations of Baden–Wuerttemberg (Germany) the
rst surgery was monitored by a veterinarian who approved the
rocedure.

.7. Microscope

We use a Leica DMLFS microscope equipped with a TCS
P2 scan head (Leica Microsystems, Bensheim, Germany) and a
pectra Physics (San Jose, California) Mai-Tai BB laser, which pro-
ides multiphoton excitation from 710 nm to 990 nm (e.g., 810 nm
or Methoxy-X04 and 910 nm for Texas Red). Detection was  done
ith two non-descanned PMT  detectors within close proximity

f the objective. Excitation and emission were separated by a
eamsplitter at 725 nm,  reflected excitation light was blocked by

 short-pass filter at 750 nm.  The signal was splitted between the
wo PMTs at 560 nm.

. Results

To estimate the accuracy of the head fixation we performed
 sets of ex vivo measurements using InSpeck Green fluorescent
eads (2.5 �m,  Invitrogen, Darmstadt, Germany) on an object slide.

 titanium ring was glued to the object slide and put into the head
xation device. First we determined the precision of the micro-

cope system itself, then we measured the precision when using
he head fixation device, i.e. the sample was removed from and
eplaced into the device between scans (Fig. 2A). Additionally,
e imaged plaques in vivo in APPPS1 mice attached to the head
nce Methods 205 (2012) 357– 363

fixation system in order to estimate how the measured precision of
the head fixation system relates to geometrical changes based on
biological causes (Fig. 2B and C).

All scans were performed as 2-photon scans using a
40× water immersion objective (HCX APO L40×/0.80 W U-V-I,
Leica, Bensheim, Germany) with a voxel size (x, y, z) of
0.1 �m × 0.1 �m × 0.5 �m for ex vivo experiments and 0.1 �m ×
0.1 �m × 1 �m for in vivo experiments.

All measurements were performed by tracking the movement of
the investigated objects (beads or plaques) during a series of scans
using Imaris 7.1.1 (Bitplane, Zurich, Switzerland). The estimated
positions were exported as x, y and z coordinates into Microsoft
Excel for further calculations. One value was calculated for each
degree of freedom (3 translational and 3 rotational) for each scan
based on the mean of all object positions and vectors available.
Thus, the n number given for each set of experiments represents
the number of scans. The translational precision is presented as
the xy displacement and the z displacement of single objects. The
rotational precision was measured by creating vectors connecting
the objects and estimating the change of the angle for each vector
during a series of scans. All measurements are presented as mean
(±SEM).

3.1. Precision of microscope and stage

In this set of measurements we  performed four experiments
with the sample not being removed during a series of scans to avoid
imprecision induced by removing and replacing the sample. Thus
the measurements can be used to estimate the intrinsic precision
of the microscope system. Several series’ of scans were made after
switching on the system to estimate the warm-up time needed
to avoid thermal drift. All following measurements were done
after allowing the system to warm up for this time (3 h, data not
shown). After this time there was still a translational displacement
of 0.35 (±0.02) �m in xy and 0.06 (±0.01) �m z per 20 min  mea-
surable (Fig. 2D, n = 13). However, this was constant over several
hours so we regard this as the baseline precision of the microscope
system. We  then investigated whether reinitialization of the micro-
scope causes additional imprecision as it involves movement of the
z-drive and the scanning optics. As expected, with a displacement
of 0.53 (±0.09) �m in xy and 0.15 (±0.05) �m in z the precision
of the stage after reinitialization is somewhat lower than without
(Fig. 2E, n = 6). Furthermore, movement of the stage might cause an
additional error in xy.  Thus, we repeatedly imaged a set of stored
positions on the same sample without reinitialization and mea-
sured a translational displacement of 0.36 (±0.08) �m in xy and
0.07 (±0.01) �m in z (Fig. 2F, n = 6).

In our images, a rotation of about 0.05 degree would result in a
shift of less than 1 pixel on one side of the image if the center of
rotation was on the opposite side. All values obtained for rotation
in this set of measurements were at least a magnitude below this
value and thus below the detection limit.

3.2. Precision of the head fixation device

To address the precision of the head fixation device itself,
we mimicked the normal usage while using an ex vivo sam-
ple. We  imaged single positions without moving the stage while
only removing and replacing the sample with the titanium ring
between scans. The measured translational displacement was 4.76
angle of displacement around all 3 axes was below 0.02 degree
(yaw: 0.016 (±0.008) degree, pitch: 0.005 (±0.001) degree, roll:
0.004 (±0.001) degree) and can be regarded as negligible (Fig. 2H,
n = 10).
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Fig. 2. (A) Surface renderings of detected fluorescent beads, ex vivo, of three scans (represented by 3 different colors) illustrating the shift caused by the removal and
subsequent replacement of the ring. The error shown consists of the error of microscope and head fixation not including biological shifts. Scale bar 15 �m. (B) Surface
renderings of detected amyloid plaques in vivo in three subsequent scans (represented by 3 different colors) illustrating the shift caused by the removal and subsequent
replacement of the ring. The error shown consists of the error of the microscope and head fixation together with biologically caused shifts. Scale bar 15 �m.  (C) Surface
renderings of detected amyloid plaques in vivo on three subsequent days. This demonstrates the combined shift generated by biological factors as well as the error of
the  system. The blue area indicates the region that can be used for target localization or analysis without manual adjustments. Scale bar 15 �m. (D) Intrinsic error of the
microscope. Leaving ex vivo samples under the 2-photon microscope for 20 min  causes a displacement in xy and z. All other measurements shown include this intrinsic
error  of the microscope (n = 13). (E) Reinitialization of the microscope without any stage movement causes a displacement in xy and z (n = 6). (F) Measurement of the error
caused by the movement of the stage. Displacement is determined in xy and z with an ex vivo sample (red, n = 6) and in vivo (blue, n = 12). The difference in the detected
shift  between the ex vivo and in vivo situation of approximately 2 �m originates in the movement of the brain in the in vivo situation. The ex vivo sample demonstrates the
error  of the system itself. (G) Error caused by removal and replacement of the sample. The in vivo shift is larger by 2 �m in comparison to the ex vivo sample caused by the
movement of the brain (n = 10 (ex vivo), n = 12 (in vivo)). The ex vivo sample demonstrates the error of the system itself. (H) Ex vivo (red, n = 10) and in vivo (blue, n = 12)
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f  the ring with ex vivo and in vivo samples. (I) Measurement of the error caused by

.3. Influence of biological factors

Knowledge of how the imprecision induced by using the head
xation device, described here within, relates to imprecision

nduced by biological factors is of great interest. Biological fac-
ors can be due to passive movement, e.g. by handling the animal,
ut also due to developmental processes like growth or swelling.
he former would have an influence on the short timescale, the
atter over longer periods of time. We  performed experiments
ddressing both forms. All displacement measurements were done
n 2 APPPS1 mice, one male (6 months old) and one female
17 months old).

To measure the impact of short time changes that might be

nduced by moving the animal, we performed an experiment where
he animal was left in the head fixation device while scanning a set
f predefined positions several times. Here we saw a translational
isplacement of 2.40 (±0.37) �m in xy and 2.39 (±0.32) �m in z
, xz around y = roll. Data was determined by removal and subsequent replacement
val and replacement of the mouse in a long-term experiment over 3 weeks (n = 15).

(Fig. 2F, n = 12). For the angle of rotation measured between sub-
sequent scans of a series we  obtained 0.008 (±0.001) degree for
yaw, 0.023 (±0.008) degree for pitch and 0.012 (±0.002) degree for
roll. In a second experiment we imaged the same position subse-
quently several times, taking the animal out and putting it back
into the head fixation device between the scans. We  obtained a
translational error of 6.06 (±1.22) �m in xy and 1.47 (±0.22) �m
in z (Fig. 2G, n = 12) and a rotational error of 0.013 (±0.004) degree
for yaw, 0.023 (±0.006) for pitch and 0.021 (±0.004) degree for roll
(Fig. 2H).

Because the described head fixation device is designed for
long-term longitudinal studies, a test on the impact of long-term
biological changes was  performed. To this end, we tracked the posi-

tional change after storing the position over a period of 20 days.
Imaging of the stored positions was done on day 1, 2, 6, 13 and
20. The average translational change between sessions was 13.65
(±3.54) �m for xy and 10.11 (±2.19) �m for z (Fig. 2I, n = 15), with
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Fig. 3. (A) Long-term imaging of APPPS1 transgenic mice for up to 25 weeks (Hefendehl et al., 2011). Same region of interest is shown with amyloid deposits (green) stained
with  methoxy-X04, and blood vessels (red) made visible by Texas Red® dextran. A maximum z-projection is shown for the imaged volume including truncated plaques
located at the rim of the volume. Scale bar 50 �m.  (B) Timeline of imaging session including head fixation and re-localization of ROIs. (1) An anesthetized animal can be
fixed  under the 2-photon microscope in under 30 s (n = 10). (2) Adjusting the right objective and re-localization of a previously stored position can be done in under 30 s.
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3)  Imaging a z-stack of 100 �m (*100 Hz, bi-directional, Format 1024 × 1024, z-ste
tored  ROI takes 1.5 s on average (n = 12).

he numbers for the larger time intervals higher than for the short
ntervals (data not shown). For the rotational change we obtained
.046 (±0.016) degree for yaw, 0.208 (±0.095) degree for pitch and
.114 (±0.036) degree for roll (n = 10). In an addition we  reused
ata obtained during a previously published study (Hefendehl et al.,
011). The study included eight mice (4 males and 4 females,
–4 months of age at the beginning of the study) in which we  were
ble to use automatic relocation to identify target regions without
he need of enlarging the field of view for up to 25 weeks. In this
et of experiments we used Texas Red labeling of the vasculature
longside plaque labeling (Methoxy XO4) as an additional land-
ark to verify the locations (Fig. 3A). During this series biological

hift did not cause any rotational change that had to be corrected in
ost-processing. Small manual corrections were sufficient to com-
ensate for translational changes that occurred during the months
f the experiment and could always be completed in less than 30 s.
ue to the quick and easy re-positioning, we were able to image six
rain regions per mouse per imaging session, each having a volume
f 0.0171 mm3.

.4. Time needed for relocating

While performing in vivo experiments we also measured the
ime needed for placing the animal in the head fixation device and
utomatic relocating to previously stored positions (Fig. 3B). Pick-
ng the animal up after cleaning the cranial window and placing it in
he head fixation always took less than 30 s (n = 10; Supplementary

ovie 1). The same time accounts for relocating to the first stored
osition and starting the scan (Supplementary Movie 3). Switching
etween stored positions took 1.50 (±0.15) s (n = 12).

It is important to note that our results are based on the precision
nd intrinsic error of the microscope and the motorized x–y stage
sed as shown in Fig. 2D. If other systems are used the results might
ary in respect to a different intrinsic error of the setup. Hence,
t is advisable to estimate the intrinsic error of the system before
nstalling the described setup. For troubleshooting during the use
f the setup (see Supplementary Table 1).
. Discussion

The objective of the designed head fixation device was
o optimize automated re-positioning in longitudinal imaging
)  is performed in 2 min  and 38 s. (4) Automatic re-location to the next previously

experiments by minimizing rotational and translational changes
and speeding up the process of relocation. Rotations in all planes
could be minimized to a negligible degree. Thus, when automati-
cally repositioning to previously stored locations, without the use
of the laser or any other visual guidance, the target location could
always be identified reliably. This elimination of geometric changes
between imaging sessions simplifies the post-imaging analysis, e.g.
alignment of ROIs from different time points. Even though numer-
ous head fixation systems have been reported in the past (Nase
et al., 2005; Nimmerjahn, 2005; Meyer-Luehmann et al., 2008;
Bolmont et al., 2008; Holtmaat et al., 2009; Judkewitz et al., 2009;
Yang et al., 2010; Spires-Jones et al., 2011) the control for geomet-
rical changes during and among imaging sessions has not been
shown to the extent presented here. An important factor for the
successful control of rotations in the head fixation device presented
is the use of a titanium ring with a frontal guide notch and circular
guide groove permanently attached to the mouse head with den-
tal cement. The custom build counter parts within the horizontal
fixation plate secure the titanium ring in the microscope setup and
ensure that the animal is head fixated at identical angles between
imaging sessions.

While rotational changes induced by the head fixation device are
negligible, some translational changes between imaging sessions
still remain. These changes (ex vivo data) are distinctly smaller than
the biological changes (in vivo data). By reducing the geometrical
changes between imaging sessions mainly to biological variance
the precision of the head fixation system allows for easy and reliable
relocation. Hence, it saves the experimenter the time needed for
tracking, re-localization or comparison of previously imaged ROIs.
Furthermore, the reduction of laser (or ambient illumination) usage
due to the automatic re-localization is of benefit for the experimen-
tal animal as the overall time spent under anesthesia is shortened
as well as the exposure of brain tissue to laser (or other) excita-
tion. The use of dental cement and light titanium material enables
the permanent fixation of the ring to the mouse head without the
use of screws, which could potentially harm the brain and add on
weight to the system. The fast automatic re-positioning in combi-
nation with a cranial window of 4 mm in diameter allows choosing

several ROIs from a relatively large area of the cortex.

We also demonstrated the applicability of the head fixation
device for long-term use over up to 25 weeks. There was  no
need to correct for any rotational change during these weeks and
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ranslational shifts could be corrected in less than 30 s. Thus, we
resent a reliable and highly efficient imaging setup for longitudinal

n vivo studies by 2-photon microscopy.
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