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We describe a miniaturized head-mounted multiphoton micro-
scope and its use for recording Ca2� transients from the somata of
layer 2/3 neurons in the visual cortex of awake, freely moving rats.
Images contained up to 20 neurons and were stable enough to
record continuously for >5 min per trial and 20 trials per imaging
session, even as the animal was running at velocities of up to 0.6
m/s. Neuronal Ca2� transients were readily detected, and re-
sponses to various static visual stimuli were observed during free
movement on a running track. Neuronal activity was sparse and
increased when the animal swept its gaze across a visual stimulus.
Neurons showing preferential activation by specific stimuli were
observed in freely moving animals. These results demonstrate that
the multiphoton fiberscope is suitable for functional imaging in
awake and freely moving animals.

calcium imaging � head-mounted microscope � neuronal activity �
two-photon � visual cortex

The observation of neural activity has been central to the vast
majority of efforts to understand information processing in the

mammalian brain. Although some aspects of sensory processing can be
studied in animals that are anesthetized or awake but head-fixed, to fully
understand awake information processing, animals must be able to
interact fully with their environment. Previously, this approach, which
includes both allothetic and idiothetic cues, lead to the discovery of
place cells (1), head-direction cells (2), and grid cells (3). Multiphoton
(MP) imaging (4) of neurons bulk-loaded with calcium indicators (5–7)
allows not only the unambiguous identification and precise anatomical
localization of active neurons but also the simultaneous recording of
activity in multiple neurons even at very low firing rates (8–10).
Although one major limitation of conventional MP imaging has been
the need to firmly hold the skull in position to prevent the brain from
moving relative to the microscope objective, some aspects of free
movement can be simulated in head-fixed animals by placing them in
a virtual reality situation (11). For measurements in truly free-moving
animals, the recording apparatus must be miniaturized and attached to
the skull, similar to the approach used for the recording of extracellular
(1, 12) and intracellular (13) electrical signals in freely moving rodents.
It is possible to use optical fibers to deliver short-pulse light suitable for
two-photon excitation, scan the excitation focus, and collect the emitted
fluorescence (14). There have been a number of recent advances in
scanning technology (15, 16) that have been applied to anesthetized
animals by using two-photon excitation (17) or freely moving animals
by using one-photon wide-field imaging (18). Here we show that it is
possible to use two-photon microscopy to record activity from neuronal
populations with cellular resolution in freely moving animals.

Results and Discussion
We developed a fiberscope (Fig. 1A) that employs a custom-
designed water-immersion lens and a leveraged, nonresonant fiber
scanner (16), which provides greater control over the scan pattern
than resonant scanning (14). Multilens objectives provide higher
excitation and detection numerical apertures than gradient-index
(GRIN) lenses (19), but, unlike those, do not allow deep imaging
by mechanical penetration of brain tissue (20). The total weight of

the head-mounted part was 5.5 g, making it well suited to be carried
by adult or even adolescent rats. Emitted fluorescence is collected
through a large-core, high-NA plastic optical fiber. At the fixed end
of the collection fiber the fluorescence is split into a ‘‘green’’
channel (510–560 nm) and a ‘‘red’’ channel (573–648 nm), which
collect fluorescence from, respectively, the calcium-indicator (Or-
egon green BAPTA-1, OGB1) and sulforhodamine 101 (SR101),
used to selectively stain astrocytes (21). Multichannel acquisition
allows ratiometric correction for fluctuations in excitation effi-
ciency (see below), discrimination of silent neurons and astrocytes,
and, in the future, the use of FRET-based indicators (22).

For transmission of the excitation beam a polarization-
maintaining fiber was used to avoid excitation fluctuations due to
modulations in its polarization state, which are induced by bending
an ordinary fiber and which affect two-photon absorption efficiency
(23). Because SR101 fluorescence is independent of neuronal
activity, it can be used to normalize the green channel signal (see
Materials and Methods and Fig. S1).

We first tested the ability of the fiberscope to detect stimulus-
evoked Ca2� transients in anesthetized animals (Figs. 2 A–E).
Intrinsic optical imaging was used to locate the primary visual area
responsive to stimuli presented directly in front of the animal’s nose.
This area was then targeted for bolus loading with OGB1-AM, and
the head-mounted microscope was positioned over it (Fig. 2A).
Spontaneous Ca2�-transients (Fig. 2B) occurred at rates of up to 0.4
Hz (average 0.13 � 0.03, n � 16 neurons, n � 2 animals, mean �
SEM.), consistent with previous recordings using conventional
2P-microscopy (8) in awake and extracellular recordings (24, 25) in
anesthetized visual cortex. The laser power after the objective was
100–150 mW [�40–60 mW at the focus, assuming a 200-�m
scattering length (26) with an estimated pulse width of 1.8 ps (16)].
No decline of the average image intensity or any signs of cell
damage were observed during the entire imaging period of �1 h.
We next presented drifting gratings at four or eight different
orientations (n � 43 and 20 neurons, respectively, n � 2 animals,
see Materials and Methods for further details). Of all cells, 46%
showed stimulus-evoked fluorescence increases (Fig. 2D, P � 0.01,
ANOVA), and of those 72% were selective for orientation or
direction (Fig. 2 E and F, P � 0.01, ANOVA). Neighboring neurons
could have dramatically different preferences, consistent with pre-
vious findings in the rodent visual cortex (7, 24). The neuropil signal
showed no direction or orientation selectivity (P � 0.05, ANOVA).
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Together these results show that the fiberscope is capable of
detecting Ca2� transients evoked by sensory stimulation.

To confirm that carrying the fiberscope does not impose an
excessive burden on the animal, we attached it to awake and
otherwise unrestrained rats. Their movements around the home
cage were observed and quantified by videography under infrared
illumination. The animals appeared unencumbered by the presence
of the fiberscope, with normal running, digging, feeding, and
pouncing behaviors throughout experimental sessions lasting up to
270 min. Distributions of velocity and acceleration were similar with
(n � 5 animals, 75–100 g) and without (n � 3) the microscope
(8.3 � 7.6 vs. 9.5 � 12.4 cm/s and 0.55 � 0.49 vs. 0.37 � 0.50 m/s2,
respectively, mean � SD; see Fig. S2).

The 2P image series acquired during free movement (Fig. 3) were
largely stable along all axes even while the animal was moving
around the cage at velocities of up to 0.6 m/s. However, some
irregular motion during chewing or vigorous head shaking occurred
occasionally. Frames (�2% of total) were excluded whenever small
structures suddenly appeared or disappeared (see Fig. S3). For the
remaining frames, lateral displacements were quantified by using

the imaging data (16 displacements estimated per image frame) and
corrected by using an algorithm described previously (27). The
detected brain displacements were well within the correctable range
of the motion correction algorithm (27) and were similar in
amplitude and frequency of occurrence to those observed in awake
head-fixed animals (8, 11). Brain displacements were weakly but
significantly correlated to the animal’s velocity and acceleration
(Fig. S4, r � 0.25, 0.33, respectively, P � 0.0001, t tests, three
animals, 11 imaging periods, 15,787 frames).

We next proceeded to record spontaneous and stimulus-evoked
Ca2� transients in freely moving animals (Movie S1). During
imaging sessions, animals (n � 7) were allowed to move freely along
a semicircular track. CRT monitors were positioned at each end and
at the apex of the curve (Fig. 3A). Static visual stimuli consisting of
a series of 6-cm-wide blue bars on a black background were
displayed on each monitor, with the orientation of the bars being
45° and �45°, respectively, for the monitors at the track ends and
vertical (0°) at the center (see Materials and Methods for further
details). Except for the light from the monitors, all sessions were
conducted in darkness, and the animals’ movements on the track
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Fig. 1. Fiber optic microscope. (A) Schematic illustration (Left) showing: 1, excitation fiber (single mode); 2, folding mirror; 3, tube lens; 4, objective; 5, focusing
flange; 6, beam splitter; 7, collimation lens; 8, collection fiber (multimode). Photographs showing the assembled microscope (Center) and the mounted
microscope (Right). (B) Cortex, bulk-loaded with OGB1 and sulforhodamine 101; side-projection of an image stack acquired with a conventional MP microscope.
The approximate location of the fiberscope focal plane is indicated by the dashed line.
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Fig. 2. Orientation tuning of neurons imaged with head-mounted microscope. (A) Fiberscope image (10-frame average) from an anesthetized animal, showing
both neurons (green) and astrocytes (orange) in layer 2/3 of the visual cortex. (B) Spontaneous transients in a neuronal soma. (C) Moving grating as presented
to the anaesthetized animal at four different orientations and two different directions. (D) Simultaneously recorded transients during the presentation of visual
stimulation in the cell population shown in A (six upper traces are from neurons, lowest trace from an astrocyte; Colored bars above top trace indicate stimulus
orientation). (E) Averaged responses (red traces) of one neuron (second trace from top in D) to multiple trials (gray traces) of moving gratings (trace locations
correspond to movement directions). Vertical lines indicate onset of grating movement. (F) Direction tuning for three different neurons (same neurons as in A
and D as indicated by color).
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Fig. 3. Continuous imaging of activity in multiple neuronal somata in the primary visual cortex of a freely moving animal. (A) Overhead-camera view (fibers,
arrow) and path of the animal (blue; trace starts at the green circle). Note the elevated semicircular track and the monitors used for visual stimulation. (B–E)
Overview images (red dashed rectangles denote field of view in the following image) at the surface of the recorded area shown in E. Image (B) of the blood vessel
pattern taken with a conventional camera and the approximate primary visual area identified by intrinsic imaging (green, dashed line), see Materials and
Methods for area selection details. Surface images taken with a fixed two-photon laser scanning microscope (C) and with the head-mount microscope (D). (E)
Two-color overlay image of the recorded area (sulforhodamine 101 channel red; OGB-1 channel green; see also Movie S1). (F) Brain displacement as a function
of time. (G) Ca2� time courses (�F/F0) in the somata of five neurons (colored circles in E). (H) A region of the trace activity magnified showing details of transients.
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were again recorded with infrared videography. As for anesthetized
animals, the primary visual area representing the visual space
directly in front of the animal’s nose was identified by using
intrinsic-signal imaging and then targeted for bolus loading with
OGB-1-AM (Fig. 3 B and C). The fiberscope was again placed over
the loaded area by using surface blood vessels as landmarks (Fig. 3
D and E). Continuous fiberscope image sequences (64 	 64 pixels,
90 ms per frame, 1.43 ms per line, Fig. 3G) lasting �5 min were
recorded, with up to 18 of these sequences recorded in a single
session, representing a total up to 90 min of Ca2�-imaging data from
the same group of neurons. All neurons displayed robust Ca2�-
transients (Fig. 3G), which were similar to action potential (AP)-
induced transients measured by conventional MP microscopes in
anesthetized (5, 6, 9) and awake (8, 11) animals. Transients in
astrocytes were of similar amplitude (peak �F/F0 of 20–30%) but
much slower dynamics (rise times of 2–15 s, durations of 5–100 s;
Fig. S5), consistent with calcium spikes and plateaus observed in
astrocytes during spontaneous activity and sensory stimulation (28).

To quantify the observed changes in neuronal activity, we applied
an algorithm for automated AP detection (8) to fluorescence
recorded by using the fiberscope. Because the fiberscope does not
(yet) allow concurrent single-cell electrical recordings, a direct
quantification of the AP detection probability and of the false-
positive detection rate is not possible. However, we felt confident

to apply this algorithm to the current data because the frame rates,
scan-line times, look up tables (LUTs), and photon multiplier tubes
(PMTs) were nearly identical to those used for its verification (8).
Furthermore, when we applied the AP detection algorithm to
fiberscope recordings in anesthetized animals, neither the propor-
tion of neurons classified as visually responsive (29%) nor the
proportion of these selective for stimulus angle (83%) were signif-
icantly different to those proportions determined by using �F/F0
values alone (see Materials and Methods for further details).

To further examine the relationship between the animal’s move-
ments (and, therefore, shifts in its gaze) and the simultaneously
recorded Ca2� transients, we first estimated the animal’s position
and the orientation of its head by tracking four infrared LEDs
attached to the fiberscope (Movie S2). The relative orientation and
distance to the animal’s head were calculated for each screen by
using video frames from the camera above the track. The video and
Ca2�-imaging traces were synchronized by using the activation of
the fiberscope scanner, which was clearly visible in the infrared
video frames. Individual monitors were classified as ‘‘viewed’’ when
they subtended at least 400 square degrees inside a region extending
�45° horizontally and vertically from the forward direction (see
Materials and Methods for details and Fig. S6). Periods when no part
of any monitor was located within this region were classified as
‘‘blank.’’ During blank periods, fewer Ca2� transients were ob-

Fig. 4. Stimulus selectivity of individual neurons in a freely moving animal. (A) Example raster plots detailing activity in four neurons over �5 min of continuous
recording while the animal was free to explore the elevated ramp (black lines correspond to single APs, red to doubles, and green to triples, see SI Text for details
of the AP detection algorithm). Transients for three of the four neurons (denoted i, ii, and iii) shown below. Periods when the animal’s gaze moved across one
of the three monitors (shown in B) are indicated by the blocks of background color (color coding for the three monitors shown in B, see Materials and Methods
for gaze tracking criteria). Note the long period (**) of reduced activity, beginning around 140 s, during which the animal’s gaze was not on any monitor. (C)
Grouped data from all 77 neurons (n � 5 animals) comparing Ca2� transient frequencies with, respectively, the animal’s gaze on or off any monitor. (D) Activity
raster plot for the same neurons and the corresponding Ca2� traces (below). Note multiple large transients (arrows in raster plot, dashed boxes in traces) in neuron
i in response to viewing the same monitor multiple times. (E) Comparison of activity in 35 neurons while the animal was viewing each of the monitors in isolation
(monitors labeled as in B). Thick lines indicate neurons with significantly enhanced responsiveness to a specific monitor. Thick colored lines refer to
monitor-selective responses from the cells indicated by the circles of identical color in the image in F. The thin gray circle in F indicated a cell with no monitor
preference. Note that neighboring cells can have different preferences.
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served compared to periods when the animal was moving around
on the track and sweeping its gaze regularly across different
monitors (Fig. 4A). Averaging across all neurons from which
recordings were made, calcium transients were detected during
blank periods at a rate of 0.09 � 0.01 Hz (mean � SEM., n � 5
animals, 77 neurons), with rates for individual cells up to 0.56 Hz.
This is consistent with previous reports of low spontaneous firing
rates in L2/3 visual cortex by using imaging in awake and anesthe-
tized rats (8) and with extracellular recordings in anesthetized mice
(25). When at least one monitor was viewed, the transient rate
doubled to 0.18 � 0.02 Hz, with individual rates up to 1.02 Hz (Fig.
4C). In 29% of neurons (22 of 77), a significant increase in the rate
of Ca2� transients was observed during viewed periods. (P � 0.05,
Wilcoxon rank sum test). This difference was not due to contam-
ination of the fluorescence signal by stimulation light (see SI Text).

Some neurons showed Ca2� transients preferentially when the
animal’s gaze was directed at a specific monitor (Fig. 4 D–F). To
analyze in more detail the relationship between Ca2� transients and
the orientation of the animal’s head toward specific monitors, we
first identified periods when only one monitor was within the �45°
region around the forward direction and occupied at least 400
square degrees within this region. We then determined the Ca2�-
transient rates for neurons when the animals head position satisfied
these criteria for at least 10 s for each of the three monitors (Fig.
4E, n � 35 neurons). Seven of these 35 neurons (20%) showed a
significantly higher rate for one monitor than the others (P � 0.05,
Kruskal–Wallis test). In some cases, neighboring neurons preferred
different monitors (Fig. 4 E and F).

This demonstrates that the head-mounted fiberscope can record
functional signals with single-soma resolution in cortical layer 2/3
cells during exploratory behavior. The fiberscope is light enough so
as to not restrict normal animal behavior, and even when the animal
was moving vigorously, the strongest movement-based image shifts
were mostly �3 �m. We show here that it is possible to image the
responses of cortical neurons when the animal’s interaction with the
environment is self-determined, which occurs during natural be-
havior. We envisage that the main use of fiberscope imaging will be
during behavioral tasks such as social behaviors, prey capture,
behaviors involving vestibular stimulation, and interaction with
physical objects.

Materials and Methods
Animal Preparation and Staining Procedures. All animal procedures were con-
ducted according to the animal welfare guidelines of the Max Planck Society.
Male Listar Hooded rats, weighing between 50 and 100 g at the time of first
surgery, were used in the current study. During all surgical procedures, the
animal’s body temperature was maintained at 37°C by using a heating blanket
and a thermal probe. At the end of each procedure animals were given flunixin-
meglumin (1.5–2 mg/kg, s.c.; Finadyne) for postoperative analgesia. A small
custom-builtplate suitable for stabilizingtheanimal’sheadunderaconventional
two-photon microscope and onto which the fiberscope could also be attached
was first implanted over the occipital region of the left cortical hemisphere under
ketamine/xylacine anesthesia (ketamine from WDT; xylacine (Rompun) from
Bayer) as described previously (8). During the implantation surgery, the approx-
imate location of the primary visual area (� � 2.5 mm, lateral 4 mm) was marked
on the surface of the skull. At the end of this procedure, the exposed skull was
covered by protective tape, and the animal was allowed to recover. Over the
following 3 days, animals were habituated to head fixation in the experimental
setup as described previously in ref. 8. After habituation, animals were anesthe-
tized with isoflurane (Forene, 1.5–2%; Abbott), and an �4 	 4-mm area of skull
was thinned until it was transparent when covered with saline solution. At the
end of this procedure, the thinned skull area was covered with silicone and a glass
coverslip,allexposedareaswereclosedagainwithprotectivetapeandtheanimal
was allowed to recover. Twenty-four to 72 h later, animals were sedated with
ketamine (100 mg/kg), and the area of thinned skull was exposed, cleaned, and
coveredwithsalinesolution.Thelocationofthebinocularprimaryvisualareawas
then identified by using standard optical intrinsic signal imaging (see ref. 29).
Briefly, excitation light was 630 � 30 nm, individual trials were 6 s long (100-ms
frame duration), 2-s prestimulus, 4-s stimulus; ‘‘blank’’ trials were interleaved
with stimulated trials; a total of 40 trials comprised one imaging block. Imaging

blocks were conducted for two different stimulus types, respectively, a bar (white
onblackbackground,2.4°wide)moving(at11°/s)verticallyandhorizontally.Care
was taken to shield the optical system from the stimulus light. At the end of the
intrinsic imaging session, the thinned skull area was again covered with silicone
and a glass coverslip, the area closed and protected and animals returned to their
home cage to recover. Twelve to 72 h later, animals were anesthetized with
isoflurane (1.5–2%) and given furosemid (Lasix, 1.5–2 mg/kg, i.m.; Aventis) to
reducecortical swelling.Anopeningof�1	2mmwasmadeinthethinnedbone
over the identified visually responsive spot and the dura was removed. Staining
of astrocytes was then performed by using Sulforhodamine 101 (Sigma–Aldrich)
aspreviouslydescribed(21),beforecoveringthecraniotomywithagarandaglass
coverslip. At the end of the procedure, animals were returned to their home cage
andallowedtorest forat least60min.Duringthis time,animalsusually recovered
consciousness after 3–5 min, resumed exploratory behavior within the cage, and
regained appetite, as judged by animals eating Froot Loops (Kellogg’s) or rat
chow. After recovering, animals were head-fixed, and cells in the identified
visually responsive area were located by using SR101 as a counterstain. The
cell-permeable Oregon Green 488 BAPTA-1 acetoxymethyl ester (OGB-1 AM) was
synthesized as described previously (US patent 6,162,931), purified to �99% via
normal- and reversed-phase chromatography, and injected as described previ-
ously (5, 6). After OGB-1 loading, the objective unit (4 and 5, Fig. 1A) of the
head-mounted fiberscope was carefully positioned over the loaded area (using
the same lens setup as in the head-mount microscope but with a crosshair in place
of the fiber-tip of the scanner). The scanner was the replaced and the animal
taken to the recording arena.

Behavioral Environment and Stimulation. The arena for imaging in freely moving
animals consisted of a semicircular track (radius �50 cm) with platforms (15 	 15
cm2) at each end facing stimulation CRT monitors (see Fig. 3A). An additional CRT
monitor was located at the center of the semicircle parallel to the track and
opposite the other monitors. The stimulus was a static pattern of 6-cm-wide blue
bars on a black background. Contrast was 100%, and average luminance for all
monitors was 5.5 cd/m2. Bar orientation on the monitor at the center of the track
was vertical (0°) and, for the monitors at the ends of the track, 45° and �45°. The
patterns were presented constantly while the animal moved around on the track.
For imaging in anesthetized animals, a moving bar stimulus (8.7° wide, 8.7°/s),
displayed on a single monitor, was presented 20 times during a continuous
recording period with an interstimulus interval of 10 s.

Two-Photon Imaging. A Ti:Sapphire laser (MaiTai HP; Spectra-Physics) provided
near-infrared laser pulses at 925 nm with an average power of 1.6 W. The beam
intensity was controlled by using a Pockels cell (Model 350-80, Conoptics; Poly-
tech). To compensate for the group velocity dispersion, the pulses were pre-
chirped by using two prism arrays (10-prism sequence) as previously described
(16). The beam was coupled to the polarization-maintaining excitation fiber
(F-SPF; Newport) by an achromatic lens (f � 18 mm, achromat, 12 	 18 NIR-II;
Edmund Optics) and a fiber launch (Thorlabs). A Faraday isolator (Linos) was used
toblockbackreflectionsfromthepolarization-maintainingfiberas itwascleaved
at 0°. The objective lens located within the microscope was custom designed
(water-immersion, N.A. � 0.9, focal length 3 mm, working distance 0.7 mm; Throl
Optische Systeme) and pressed into a sleeve that threads into a bushing, provid-
ing manual focus control. The main head-mount body contained the tube lens
(achromat, f � 12.7 mm, LAKN22-SFL-6; Thorlabs) and provided the mounting
surface for the dichroic splitter (2b; Calflex-X). A folding mirror (Calflex-X) was
usedbetweentube lensandscanner.Theemittedfluorescencewasconcentrated
ontoaplasticopticalfiber (POF,N.A.of0.63,outsidediameter1mm,PJU-FB1000;
Thoray) with a condenser lens (f � 9 mm, f�SIL, VF082c; Pörschke). Fluorescence
was then transmitted to photomultipliers (H7422P-40MOD, Hamamatsu) via the
POF. The red and green channels were separated with dichroic mirrors (red:
HQ610/75M at 18°, green: HQ535/50M-2P at 18°, Chroma Technology). The
scanner was driven by a triangular signal on the fast (x) axis and a ramp-shaped
signal on the slow (y) axis. Both signals were filtered by using Bessel filters
(900C9L8L;FrequencyDevices). Filteringaffects theslow(y)drivesignalonly little,
except for the fly back, but results in an essentially sinusoidal drive voltage in the
fast (x) direction. Image distortions due to the excitation of fiber resonances were
minimized by filtering below the fundamental frequency (�700 Hz) (16). For
functional measurements with the fiberscope, we used 64 	 64-pixel frames with
either a 1.89-ms line duration and an 8.2-Hz frame rate or a 1.43-ms line duration
and a 10.9-Hz frame rate. All freely moving animals were recorded at 10.9 Hz.
Time course measurements on the conventional microscope used 64 	 128-pixel
frames with 1.5-ms line duration (10.4-Hz frame rate).

Data Analysis. Quantification of brain movements. The magnitude of brain displace-
ments in each imaging frame t was calculated by using the intraframe radial
variance for each frame t:
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ri � �Varj
xi, j� � Varj
 yt, j� ,

where xt,j and yt,j denote horizontal and vertical components of the jth estimate
of image displacement vector for the tth frame.
Animal tracking and pose estimation. To determine the animal’s position and its
pose in three dimensions, we used videography to track the position of four LEDs
affixed to the fiberscope. The positions of the LEDs were measured in three
dimensions by using a micrometer (IP 65; Gant). The camera (DCR-TRV; Sony)
operated at 29.97 Hz, 720 	 480 resolution, and 8-bit ‘‘night vision’’ mode was
activated. The camera was first calibrated by using Tsai’s camera model (30) by
identifying in the video image 38 calibration points whose physical locations had
been measured in three dimensions. Calibration produced the following param-
eters: location and orientation of the camera relative to the set of calibration
points, the focal length in pixels, the aspect ratio of a single pixel, the location of
the optical center in the image plane relative to the center of the digital image,
and the lens distortion coefficient.

For each video frame n we denote by In the average of the grayscale values
from the three color channels. We first calculated an image mask, consisting of
those pixels that were at least 50 grayscale values higher than the median of In
over all video frames. We next calculated an ‘‘error image’’ of the same size as In,
with each pixel value corresponding to the evaluation of an error function
indicating how unlikely it is for an LED center to reside at that pixel. The error
image at a given pixel a in the image mask was defined as

E
a� � �
b�D
a,b��r

min
200, max
0,250 � In
b���

� � 1 � 0.9
D
a , b�

r � ,

whereD(a,b) is thedistance inpixelsbetweenpixelsaandb, and r�2 is theradius
of an LED in pixels. For pixels not in the image mask, E(a) was set to the maximum
possible value.

We then proceeded to estimate the rigid motion (translation followed by
rotation) that maps the measured 3D positions of the four LEDs into their true
coordinates relative to the camera. Given a candidate for such a motion, consist-
ing of offsets and Euler angles, we can project each of the LEDs onto the video
frame by using the parameters obtained from the camera calibration. Summing
E over the location of the four LEDs thus gives rise to an error function to be
minimized with respect to the parameters of the rigid motion. For details of the
algorithm used, see Animal Tracking and Pose Estimation in SI Text. We also
determined the 3D position and orientation of each CRT screen relative to the

camera by measuring its width and height, marking the bottom corners as well
as the left, right, and top edges of the screen in the video image and minimizing
the reprojection error.

Thepreviousproceduresallowedus todeterminethe locationof thefourLEDs
and three screens in three dimensions. We then defined a coordinate system
based on forward, right, and up relative to the animal’s head. The first axis
(‘‘forward’’) was defined by the direction of a laser pointer when mounted below
the fiberscope, the second axis (‘‘up’’) was taken to be as close as possible to the
vertical axis of the fiberscope while still remaining at a right angle to the forward
vector, and the third axis (‘‘animal’s right’’) was automatically determined based
on orthogonality to the two other axes. Given these rectangular coordinates for
a point p, we defined spherical coordinates as follows. The vertical angle (‘‘lati-
tude’’) was defined as sin�1(p3/p), whereas the horizontal angle (‘‘longitude’’)
was defined as tan�1(p2/p1). We then calculated the area on the unit sphere
occupied by each screen, considering only the region within 45° of the forward
axis in both vertical and horizontal angles. This area is then the ‘‘solid angle’’
subtended by the monitor in the given region of spherical coordinates in stera-
dians, which we converted to square degrees.

Analysis of Orientation and Monitor Selectivity. To compare neural activity
recorded with the fiberscope under various conditions, we applied parametric
ANOVA tests to �F/F0 values or nonparametric Kruskal–Wallis tests to the counts
of detected calcium transients. We determined which neurons responded to
sensory stimulation and which showed orientation/direction selectivity as de-
scribed in ref. 7. Mean fluorescence values (%�F/F0) were calculated over a 2.5-s
windowaftereachstimulusaswellasduringnullperiods inwhichthestimulation
screenwasblank.Foreachneuron,anANOVAwasperformedoverall stimulation
angles as well as blank periods, and neurons with p-values less than 0.01 were
identified as visually responsive. In visually responsive neurons, a second ANOVA
wasperformedoverall stimulationangles,andP�0.01wasusedas thethreshold
for angular tuning. We also used the rate of detected Ca2� transients over the
same 2.5-s window to calculate the proportion of responsive neurons (29%, P �
0.05, Kruskal–Wallis tests) and the proportion of responsive neurons classified as
selective for stimulus angle (83%); these results were not significantly different
from those obtained by using mean �F/F0 values (P � 0.05, Fisher’s exact t test) All
analyses and statistical tests were implemented in Matlab (Mathworks).
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