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Abstract

Encoding of sensory inputs in the cortex is characterized by sparse neuronal network activation. Optogenetic stimulation
has previously been combined with fMRI (ofMRI) to probe functional networks. However, for a quantitative optogenetic
probing of sensory-driven sparse network activation, the level of similarity between sensory and optogenetic network
activation needs to be explored. Here, we complement ofMRI with optic fiber-based population Ca>" recordings for a
region-specific readout of neuronal spiking activity in rat brain. Comparing Ca*" responses to the blood oxygenation
level-dependent signal upon sensory stimulation with increasing frequencies showed adaptation of Ca®*" transients
contrasted by an increase of blood oxygenation level-dependent responses, indicating that the optical recordings
convey complementary information on neuronal network activity to the corresponding hemodynamic response.
To study the similarity of optogenetic and sensory activation, we quantified the density of cells expressing channelrho-
dopsin-2 and modeled light propagation in the tissue. We estimated the effectively illuminated volume and numbers
of optogenetically stimulated neurons, being indicative of sparse activation. At the functional level, upon either sensory
or optogenetic stimulation we detected single-peak short-latency primary Ca®" responses with similar amplitudes and
found that blood oxygenation level-dependent responses showed similar time courses. These data suggest that ofMRI
can serve as a representative model for functional brain mapping.
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distant networks, such as cortico-thalamic and thalamo-
cortical fibers upon cortical microstimulation. The dis-
covery of genetically encoded light-gated cation channels
such as channelrhodopsin-2 (ChR2) enabled the optical
induction of suprathreshold spiking of genetically defined
neurons with millisecond precision and within a spatially
defined region—optogenetics.® Spatial specificity can be
achieved by a region-specific viral transduction of opsins,
in combination with a targeted light delivery, for example
via implanted optic fibers.* The use of optogenetics in
studying network connectivity has proven to be highly
informative, allowing for a causal interrogation of aber-
rant functional connectivity, e.g. in Parkinson’s disease,’
depression, and schizophrenia.® To study spatial and
temporal patterns of network recruitment, optogenetic
network activation has recently been probed by combin-
ing optogenetic stimulation with blood oxygenation
level-dependent (BOLD) fMRI, which represents a
brain-wide readout capable of monitoring effects of
large-scale network activation. Following first reports
on the causal link between optogenetically induced neur-
onal activity and BOLD signals,”® the combination of
optogenetics and BOLD fMRI has been explored in
rodents, both anesthetized and awake, as well as in pri-
mates.” ' Different aspects of optogenetically evoked
hemodynamic responses as well as the suitability of opto-
genetic stimulation to recruit functional networks of the
brain”®!'"!'517 and to reproduce sensory stimulation'®
have been assessed previously.

However, BOLD fMRI is an indirect measure of
neuronal activity, based on the principle of neurovascu-
lar coupling.'”? Due to the vascular origin of the
BOLD signal, the spatial and temporal precision of
neuronal network activity assessment is limited.
Therefore, of MRI studies are routinely combined with
electrophysiological population recordings.”$!1:12:15-17
Since, furthermore, neither the BOLD signal nor electro-
physiological population recordings such as LFP are
sensitive to spatially defined spiking activity only,'
these methods cannot resolve whether network activa-
tion induced by optogenetic stimulation is limited to
ChR2-expressing neurons that are primarily activated.
The spatiotemporal extent of optogenetic network acti-
vation could be significantly larger due to an immediate
secondary recruitment of non-ChR2 expressing neurons
within the heavily interconnected network.?>** This is
certainly the case upon sensory stimulation, yet optoge-
netic stimulation is creating an unavoidably artificial
spatial pattern of activity, as we currently cannot select-
ively transduce exclusively those network components
activated upon sensory stimulation.

Ideally, to match the spatiotemporal precision of
optogenetics, a brain-wide measure of neuronal net-
work activity as BOLD fMRI would be combined
with a readout allowing for an assessment of local

optogenetic network activation with high specificity
toward neuronal spiking and high spatiotemporal reso-
lution. Optic fiber-based Ca”" recordings upon region-
specific staining with fluorescent Ca®* indicators meet
those needs.***** Monitoring somatic Ca>" of a small
neuronal population—typically between 30 and 1000
cells—detects the spiking activity of this neuronal
ensemble.”® These population-based Ca”*" recordings
have already been combined with fMRI,* unperturbed
by the magnetic field. In the context of our study, one
additional advantage is the possibility to use the same
optic fiber for delivering high-intensity light pulses for
optogenetic stimulation®” and for the Ca®" readout.
Here, we investigated the similarity of optogenetic
and sensory activation of brain networks in terms of
(1) evoked primary neuronal response and its relation
to the BOLD response, and (2) numbers and density of
primarily activated neurons upon optogenetic stimula-
tion. For this purpose we have implemented the com-
bination of simultaneous optogenetic stimulation and
Ca’" recordings during BOLD fMRI measurements.

Materials and methods

All experiments were carried out according to the
German Tierschutzgesetz, approved by the Landesamt
fir Natur und Umweltschutz Nordrhein-Westfalen,
Germany (A787.54.04.2010.A274), and are reported
according to the ARRIVE guidelines. We performed
experiments on 27 female Fisher rats with a body
weight between 160 and 180g. Twenty-two rats
obtained fMRI and Ca’*' recordings, out of which
four rats received additional LFP recordings. Three
rats were subjected to Ca®" recordings only, and two
additional rats were used for histology only.

Recording setup

We used a custom-built setup for optical fiber-based Ca*"
recordings and optogenetic stimulation. The light for exci-
tation of the fluorescent Ca”" indicator, Oregon Green
488 BAPTA-1 (OGB-1, Invitrogen, Life Technologies,
Carlsbad, CA) and for stimulation of ChR2 was delivered
by a blue 20mW solid-state laser at 488 nm (Sapphire,
Coherent, Dieburg, Germany). An acousto-optic modu-
lator (AOM 3080-125, Crystal Technology, Palo Alto,
CA) was used for rapid control of laser intensity. The
laser beam was coupled into a 200 um optic multimode
fiber using a fiber collimator (Thorlabs, Griinberg,
Germany). The emitted fluorescent light was guided
back through the fiber, separated from the excitation
light with a dichroic mirror and detected by an avalanche
photodiode (LCSA500-01, Lasercomponents GmbH,
Olching, Germany). The signal was sampled at 2 kHz
using a multifunction data acquisition board (PCI 6259,
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National Instruments, Austin, TX) and a custom-written
LabView (National Instruments) script.

Stereotactic viral injections

Stereotactic injections were conducted under isoflurane
(Forene, Abbott, Wiesbaden, Germany) anesthesia in
18 animals. Rats were placed on a warming pad (37 °C)
and fixed in a stereotactic frame. A small craniotomy
was made with a dental drill (Ultimate XL-F, NSK,
Trier Germany, and VS1/4HP/005, Meisinger, Neuss,
Germany) with the aid of a dissecting microscope.
Solutions were delivered by a glass micropipette con-
nected to a 10 ml syringe by manual pressure.

Animals were pretreated with the analgesic Metacam
(1 mg/kg s.c.). For transduction of ChR2, two adeno-asso-
ciated virus (AAV) preparations, serotype 2, were mixed
at a ratio of one volume AAV-CAG-Cre and four vol-
umes AAV-EF1A-DIO-hChR2(H134R)-YFP/mCherry.
0.5ul of the viral solution was slowly injected via a
small craniotomy into primary somatosensory cortex,
frontlimb region (SIFL; AP Omm, ML+ 3.5mm, DV
0.8mm) according to stereotactic coordinates (Paxinos
Watson Rat brain atlas™). To avoid reopening of the cra-
niotomy for subsequent Ca”" indicator injections, we con-
ducted an angular injection in 12/18 animals (55° vertical
from medial; AP 0mm, ML + 2.5mm, DV 1.2mm). The
scalp incision was closed with a suture. Optical stimulation
and recordings were carried out after a minimum of 14
days after viral injections (cluster size of BOLD responses
was not influenced by time after virus injection).

Administration of fluorescent Ca®" indicator

OGB-1 was prepared as previously described®® and
injected at a concentration of 1mM in SIFL, at AP
0mm, ML + 3.5mm under surgical depth of anesthesia
at DV 700, 500, and 300 um (approximately 0.3 ul each).

Optical fiber implantation

After removing the cladding, the fiber delivering blue
light for both optogenetic stimulation and Ca** record-
ings was inserted via the craniotomy into the stained
region, at a depth of 300 pum in SIFL and glued to the
skull with UV glue (Polytec, PT GmbH, Waldbrunn,
Germany).

Electrical recordings

Local field potential (LFP) recordings were performed
using an EXT-02F/2 amplifier (npi Electronic, Tamm,
Germany). Pipettes with a tip resistance of 1-2 mOhm
filled with phosphate buffered saline (Sigma) were
inserted through a second craniotomy lateral to the

fiber insertion site at a depth of 300 um. The final pos-
ition of the tip was aimed to target the same region as
the optical fiber. Signals were filtered at 300 Hz (low
pass) without high pass filter, digitized at 2 kHz, and
acquired together with the optical signals using the
same acquisition program.

Fluorescence microscopy and cell quantification

After experiments, rats were transcardially perfused
with 4% paraformaldehyde (PFA) under deep isoflur-
ane anesthesia. Brains were excised, fixed overnight
(4% PFA), and transferred to 30% sucrose solution.
For characterization of opsin expression, coronal sec-
tions were prepared using a vibratome (Leica, Wetzlar,
Germany). For the identification of neuronal somata,
in two animals, slices were stained with green fluores-
cent Nissl stain (Neurotrace, Molecular Probes, Life
Technologies, Carlsbad, CA). Briefly, to permeabilize
cells, slices were incubated with 0.1% Triton X-100
(Invitrogen, Life Technologies, Carlsbad, CA) in PBS.
Thereafter, slices were stained with Neurotrace (1:300)
for 60 min and washed in PBS, followed by treatment
with 0.1% Triton X-100 in PBS overnight. Slices were
mounted using antiquenching Vectashield (Vector
Laboratories, Burlingame, CA).

Quantification of ChR2-expressing cells
and estimation of light-activated cells

To determine the total number of ChR2-expressing
cells in cortex, slices (100 pum thickness) of two animals
were imaged with a confocal microscope (SPS8, Leica,
Mannheim, Germany) and a 20x (HCX PL APO dry,
Leica) objective, with a numerical aperture of 0.70.
Using Imagel®® software we quantified the total
number of ChR2-expressing cells by counting all cells
with a smooth, membrane-bound fluorescence in image
stacks covering the entire area of opsin expression.

To derive densities of ChR2-expressing neurons,
Nissl-stained coronal slices with a slice thickness of
70 pm of two additional animals were used, covering
more than 800um in anterio-posterior direction.
From these, four slices of each animal in the center of
the expression area were used for stereological assess-
ment. Morphometric measurements were performed
on a stereology workstation consisting of a light micro-
scope (Olympus BX51, Japan, equipped with a 20X
NA =0.75 UPlanSApo Olympus objective), a motorized
specimen stage, CCD video color camera, and
stereology software (Stereolnvestigator, Microbright
field, Williston, USA) as described previously.’’ The
region of interest (ROI) in the cortex was determined
using the optical dissector probe of the Stereo
Investigator software. The region of homogenous virus
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expression was outlined manually (ROI). Cells were dis-
tinguished by both color and morphological distribution
of fluorescence: First, all cells exhibiting green cytosolic
fluorescence were defined as neurons positive for
Neurotrace. Second, all cells showing homogenous
membrane-bound red fluorescence were defined as neu-
rons functionally expressing ChR2-mCherry. Both sets
overlapped; all red fluorescent cells exhibited also green
fluorescence, whereas only a subset of green fluorescent
cells additionally exhibited red fluorescence. Counting
frames of 100 um x 100 um were randomly placed by
the software within the ROI, sampling a 3D ROI by
an unbiased counting procedure. In these frames, all
ChR2-mCherry-expressing neurons and all Neurotrace-
stained neurons were counted. Considering the total
volume of the expression area per slide, defined by the
slice thickness and the ROI, the average number of cells
in the randomly placed counting frames was used to
extrapolate the cells per mm® within a virus expressing
area (cells/mm?).

Calculating light transmission through cortical tissue

To calculate the tissue penetration depth of light in one
dimension (z), we consider an optical fiber with radius
r=0.1mm and an aperture of NA =0.48, running
along the z-coordinate, and having a perfectly planar
and circle shaped ending at z=0 in brain tissue with
refractive index n = 1.36.*> We assume monochromatic
light of intensity I in the fiber and homogeneous tissue
with isotropic scattering. The same assumptions and
geometry were used previously by Aravanis et al.** to
model light penetration by a combination of losses
from scattering and absorption, described by a trans-
mission factor T(z) using the Kubelka—Munk model,
and decreasing light intensity due to geometrical
spread, described by a geometry factor G(z).

We follow a similar approach and assume that the
light intensity in tissue I(z) can be described as

1(2) = 1h T(2)G(2) O

Using the transmission factor according to the
Kubelka—Munk model for diffuse scattering media

1
T(z) = 2
@ =5+ @
where S is a damping constant (S=10.3mm™"' in rat

gray matter, as measured by Aravanis et al.*?).

This model assumed a conical spread of light from
the fiber tip, which is characterized by an angle of diver-
gence, given by sin® = (NTA). Along z, the increasing
cross sectional area of the cone can be calculated
from tan ®, which can be expressed in terms of sin ©.

With the definition of
n\2
p=n/(5a) —! Q

the geometry factor for conical light spread can be
expressed as

2

P
G(z) = —"— “)
(z+p)’
And consequently
2
1) for )

T (Sz+ D)z +p)

However, recent experimental measurements have
shown that for blue light, propagation deviates from
a conical spread.” In particular, the lateral illumin-
ation is largely underestimated. To account more accur-
ately for this volume, we assume that geometrical
spread is dominated by scattering. The initial light
intensity through the fiber cross section propagates
over a half sphere with radius R from the center of
the fiber. The geometry factor becomes

12

GR) =55 ©)

and the light intensity

Tor?

"= 5+ 1R

(N

fMRI procedures

MRI was performed on a 9.4T small animal imaging
system with a 0.7 T/m gradient system (Biospec 94/20,
Bruker Biospin GmbH, Ettlingen, Germany) equipped
with a RF surface coil with fiber lead-through. Animals
were mounted on a heated MRI cradle and supplied
with a mixture of 80% air and 20% oxygen. The skull
was covered with a 1-2 mm thick layer of dental alginate
(Weiton, Johannes  Weithas  dental-Kunststoffe,
Liitjenburg, Germany) or 1% agar, to reduce suscepti-
bility artifacts at the bone—air interface. The fiber was
guided through the RF surface coil placed on the ani-
mal’s head. Local shimming was applied (shimming
volume 0.6-1.6 cm?®, Mapshim, Bruker). For anatomical
images, a Tr-weighted 2D RARE sequence, TR/TE
2000/12.7ms, RARE factor 8, 256 matrix, 110 x
100 um? spatial resolution and slice thickness 1.2mm,
6-9 contiguous slices was used. For BOLD fMRI meas-
urements, T,>*-weighted images were acquired with a
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single-shot gradient echo EPI (Echo Planar Imaging)
sequence with TR=1s and TE=18ms. The spatial
resolution of the MR images was 350 x 325um” and
slice thickness 1.2 mm, 6-9 contiguous slices.

In vivo BOLD fMRI and Ca*" recordings

For sensory stimulation, two needle electrodes were
subcutaneously inserted into the left forepaw (between
digits 2 and 4) and connected to a constant current
stimulator (DS5, Digitimer, Welwyn Garden City,
UK). Stimulation pulses were of constant duration
(1 ms) and strength (1 mA), if not stated otherwise.
We used a block paradigm with a pulse train of 10s
length at 9 Hz (if not stated otherwise), followed by 20s
baseline, for 10 min, resulting in 20 stimulations per
experiment.

In four animals, subjected to fMRI and consecutive
simultaneous Ca*" and LFP recordings, the stimula-
tion frequency of electrical pulse trains of 10 s duration
was varied between 3, 5, 7, 9, and 12 Hz.

In three animals we performed single-pulse electrical
stimulations (10 ms duration, one pulse every 10s) at
different stimulation strengths of 0.5, 1.0, 1.5 mA and
acquired Ca”" recordings. For optogenetic stimulation,
we used light pulses of 10ms duration at 9 Hz with a
light intensity of 80 mW/mm? at the tip of the fiber,
below the threshold of heat-induced artifacts (unpub-
lished data). For optogenetic stimulation during Ca*"
recordings, high-intensity light pulses were switched on
during continuous illumination (1.3mW/mm?) for
fluorescence excitation. Functional data acquisition
was synchronized with the stimulation series.

When animals were transferred to the scanner, sed-
ation was induced by a subcutaneous bolus injection of
0.04 mg/kg medetomidine (Domitor 1mg/ml, Pfizer,
Orion Pharma, Espoo, Finland), followed by continu-
ous subcutaneous infusion of 0.05mg/kg/h medetomi-
dine. Isoflurane inhalation was reduced stepwise while
monitoring the respiration rate and discontinued within
the first 5min after bolus injection. As described previ-
ously,** we observed a drop of heart rate, respiration
rate, and mean arterial blood pressure directly after
starting the medetomidine infusion. In a subset of
experiments we performed transcutaneous pCO, meas-
urements and found that elevated CO, levels after start-
ing medetomidine infusion declined to a stable value
during 30min. Experiments were performed 30 min
after change of anesthesia. Optic fiber recordings were
performed at least 1h after dye injection to allow for
the cleavage of OGB-1 ester. Respiration rate and body
core temperature were routinely monitored during
experiments. The duration of functional experiments
did not exceed 2h and was terminated earlier if
animal physiology did not remain stable. The temporal

sequence of stimulation paradigms was varied between
animals.

fMRI analysis

fMRI data from individual animals were analyzed with
SPMS8 (Statistical Parametric Mapping) (Functional
Imaging Laboratory, Wellcome Trust Centre for
Neuroimaging, UK London). The initial five scans
were discarded from each imaging series to remove
signal variations at the beginning of data acquisition.
Remaining images were motion corrected and spatially
filtered with a Gaussian kernel of 0.5mm. BOLD time
courses were obtained by summing image intensities
over a ROI placed inside the target region, over all 20
stimulations of one experiment. The area under the
curve for the BOLD response was determined from aver-
age time courses over all experiments with sensory or
optogenetic stimulation, respectively, by integrating the
percent signal change deviations of the time courses
from the baseline. For assessment of the size of activated
clusters and graphical representation of the activation
maps, the canonical hemodynamic response function
implemented in SPM was used to model the BOLD
response to stimulation. Statistical significance level for
activation maps was set at p <0.05, corrected for mul-
tiple comparisons (family wise error (FWE)). Resulting
t-score maps were superimposed to the mean EPI images
and average cluster size &+ standard error of the mean
(SEM) was reported. For the analysis of the frequency
dependence of the BOLD response, spatially filtered
data were subjected to a t-test at a significance level of
p<0.001 in Image]J. The BOLD response (%) was
superimposed to a smoothed representative EPI image
set and average cluster size = SEM was reported.

Analysis of Ca** and LFP recordings

Analysis of optical and LFP recordings was performed
with Igor (WaveMetrics, Portland, OR). All Ca*"
traces represent relative changes in fluorescence (Af/f).
Amplitudes were determined as the intensity difference
(Af) from the baseline and the highest intensity value of
the transient.

Because of the same excitation wavelength for Ca*"
indicator and ChR2, the detector was saturated by the
high fluorescence emission of the indicator during the
high-intensity optic stimulation pulses, as in previous
studies.*** We used low light intensities (1.3 mW/mm?)
for constant excitation of OGB-1 versus high intensities
(80 mW/mm?) for pulsed excitation of ChR2. For ana-
lysis of Ca*" signal following optogenetic stimulation,
the signal resulting from detector saturation was
removed using two different approaches. After the
high-intensity light pulse the saturation decayed.
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This decay could be fitted with a monoexponential
function (see suppl. Figure 1) with a time constant of
0.995440.0038ms  (R*=0.9998). In the initial
approach, the stimulus artifact was removed for the
first 25 ms after onset of the stimulation pulse (10 ms).
In the second approach, the detector recovery curve
(monoexponential signal decay after saturation) was
subtracted from the raw data (Suppl. Figure 1). With
this correction, already 5-6 ms after the end of the opti-
cal pulse, the Ca®" signal could be identified without a
residual signal contribution from the detector recovery.

Data were tested for normal distribution using
Lilliefors test. If normal distribution could be assumed
(p>0.05), the parametric two-tailed Student’s t-test
was employed to compare means. A p-value below
0.05 was considered significant.

Results

Implementing a novel setup that allows
for simultaneous optical recordings
and optogenetic stimulation during BOLD fMRI

We established a setup combining in vivo optical
Ca®" recordings, optogenetic neuronal control, and
BOLD fMRI on a 94T small animal MR scanner
(Figure 1(a)). We used a custom-built optical setup
providing simultancous excitation of both the
Ca”"-sensitive fluorescent indicator OGB-1 and the
optogenetic actuator ChR2* through one 200 pm diam-
eter multimode optical fiber.

For experiments combining BOLD fMRI with Ca*"
recordings and ChR2 stimulation, we injected ChR2
encoding AAVs stereotactically in rat somatosensory
cortex (SIFL) of 18 rats. Confocal imaging of histo-
logical slices revealed strong, yet sparse expression of
ChR2-mCherry in neurons of layer II/III, layer V, and
layer VI (Figure 1(b)). At the cellular level, membrane-
bound expression with no apparent cytotoxicity was
observed (Figure 1(c)). For Ca®* recordings, we stereo-
tactically injected OGB-1 into the same region of rat
somatosensory cortex, resulting in a circumscribed
stained column with a mean diameter of approximately
600 um (Figure 1(d) and (e)). Subsequently, the optical
fiber was implanted dorsal to the stained area. With this
setup, optical Ca®* detection could be performed with-
out any distortions by radio frequency, static or
dynamic magnetic fields of the MR scanner. Slight
MR signal intensity disturbances at the site of fiber
implantation were observed in 15 of 18 animals,
caused by fiber or dye injection in anatomical
T,-weighted and corresponding EPI MR images.

Forepaw stimulation resulted in a positive BOLD
response in contralateral primary somatosensory
cortex (37 £ 13 voxels, mean cluster size £ SEM) in 11

of 18 animals (Figure 1(f)). Without correction for the
FWE, 14 of 18 animals showed activation. The BOLD
time course showed a delayed rise in signal after the
stimulation onset, peaking approx. 5s after stimulation
onset and returning to baseline approx. 5s after the end
of the stimulation (Figure 1(g)). In simultaneous Ca*"
recordings, sensory stimulation resulted in Ca®" transi-
ents with short rise times and uniform latencies.
At 9Hz, Ca’" transients showed initial adaptation in
terms of a decrease in amplitude, followed by a
rebound of transients in this animal (Figure 1(h)).
In contrast, for 3 Hz stimulation frequency (Figure 1(i))
nearly every pulse evoked a Ca*" response.

Differential response of suprathreshold Ca** and
BOLD signals upon increasing frequencies of sensory
stimulation

To probe the stimulation frequency dependence of
fMRI and Ca®" recordings, electrical pulse trains of
10s duration were varied between 3, 5, 7, 9, and
12 Hz (Figure 2). With higher frequency, a more pro-
nounced BOLD signal was observed (Figure 2(a) and
(b)) while Ca®" responses showed adaptation, evident
on the level of individual pulse trains (Figure 2(c)), as
well as in averages of pulse trains over an entire experi-
ment (Figure 2(d)). No robust BOLD response was
detected at 3 Hz. Mean cluster sizes within SIFL for
the different stimulation frequencies were 14+3 for
5Hz, 11+3 for 7Hz, 20+4 for 9Hz, and 1244 at
12Hz. The time course of the BOLD response was
determined in SIFL and averaged over all experiments.
At 7Hz, a weak BOLD signal change of approx. 0.4%
was discernible. At 9 Hz the highest signal change of
approx. 0.6% could be detected (Figure 2(b)). Ca*"
recordings in SIFL showed a primary neuronal
response following nearly each stimulation pulse at 3
and at 5 Hz stimulation. At higher frequencies a faster
decrease of signal amplitudes indicated earlier adapta-
tion. A plot of average BOLD versus Ca®" responses
shows that different frequencies elicit different relations
of BOLD and Ca®" response. An increase in frequency
is not leading to a related increase in BOLD and Ca*"
(Suppl. Figure 2). LFP recordings, reflecting both
supra- and subthreshold activity, showed less promin-
ent adaptation at higher frequencies (Suppl. Figure 3).

Assessing the density of ChR2-expressing neurons

To estimate the number of ChR2-expressing cells acti-
vated by light from the optic fiber, we quantified the
total number of ChR2-expressing neurons in cortex in
confocal images of two animals. The entire area of
strong, membrane-bound expression spanned 800—
1000 um in anterior—posterior and 950-1200 pm in
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Figure 1. Setup for simultaneous optical recordings and optogenetic stimulation during BOLD fMRI. (a) Scheme of experimental
setup. Optic fiber-based stimulation/recording setup is placed outside of the scanner cabin. Light intensities of the blue laser are
modulated with high temporal precision by use of an acousto-optic-modulator (AOM), emitted light is recorded by an avalanche
photodiode (APD). The customized surface coil has a lead-through for the optical fiber. Electric stimulation, laser excitation, fMRI data
acquisition, and optical recordings are synchronized with a customized LabView program. (b, c) Confocal images from fixed sections of
rat brain injected with ChR2-mCherry AAV in somatosensory cortex. (b) mCherry expression in cortical layers Il/lll, V, and VI
becomes evident. Note that layer IV does not exhibit fluorescence; scale bar = 100 um. (c) High-resolution imaging reveals membrane-
bound localization of ChR2-mCherry fusion protein; scale bar =50 um. (d, e) Photomicrographs of rat brain injected with Ca*"
indicator OGB-1. (d) Whole rat brain, overlay of transmitted light image with green fluorescence channel; scale bar =2 mm. Spatially
confined area of OGB-I staining is visible in right somatosensory cortex. (€) Coronal brain slice at the level of the somatosensory
cortex of OGB-1 fluorescence; scale bar = 1.5 mm. Staining is restricted to the cortex, with a diameter of approximately 600 pum.
(f) Anatomical RARE (left) and functional EPI MR images (center) of one animal, and BOLD activation map showing response upon
forepaw stimulation (10s at 9Hz, | mA, | ms) overlayed on mean EPI image (right). The color scale represents the t-score of the
BOLD analysis. (g) Averaged BOLD time course of experiment shown in (f). (h) Ca>" responses from same experiment as (f, g).
(i) Primary Ca®>" responses induced by forepaw stimulation at 3Hz, 10s pulse train.
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Figure 1. Continued.

medial-lateral direction of the neocortex. A total
number of 810 and 835 ChR2-expressing neurons was
counted (Figure 1(b) and (c)).

In two additional animals with cortical ChR2 injec-
tions, we evaluated the proportion of ChR2-expressing
neurons in relation to the total number of neurons in
the local network. We conducted a semiautomatized
cell counting within the area of strong, homogenous
ChR2-mCherry expression (Figure 3(a)) using Nissl-
stained coronal slices at the level of S1. In dorso-ventral
direction, we detected homogenous ChR2 expression in
layers V/VI and layers II/III. Within layer IV, almost
no ChR2-expressing neurons could be found.

All neurons exhibiting smooth, membrane-bound
mCherry fluorescence were defined as ChR2-positive
cells. For assessing the total number of neurons, all
cells exhibiting somata with delineated green fluores-
cence were counted. These quantifications resulted in
average cell densities of 32,300 43400 (animal 1) and

30,600 + 7700 (animal 2) neurons per mm?>, similar to
densities found in the rat barrel cortex using an alter-
native approach.’® The density of ChR2-expressing
neurons ranged at 2200 £ 500 (animal 1) and 1800 %
300 neurons (animal 2) per mm?. Consequently, 6%
(animal 2) and 7% (animal 1) of the local neuronal
population expressed ChR2 and could potentially be
activated by a light pulse (for a schematic illustration
see Figure 3(b) and (c)).

Estimating the number of optogenetically
activated neurons

The number of activated cells depends on the density of
neurons expressing the opsin and on the light intensity
sufficient for ChR2 activation reaching those cells.
We assumed a threshold to drive a ChR2-mediated
action potential at 1 mW/mm?>>*3*337 and estimated
the volume of tissue illuminated with above-threshold
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light power density from two different models of light and overestimates penetration, as recently shown by
propagation through brain tissue (Figure 3(d) and light propagation measurements.> To account for these
Suppl. Figure 4). The Aravanis model, equation (5)** shortcomings, we used a second model (spherical model,
assumes light spreads in a perfect conical shape. equation (7)) that assumes strong scattering leading to a
However, it largely underestimates lateral illumination spherical propagation, most likely overestimating lateral

100 pm

j_\‘: Neuron L: Neuron expressing

ChR2-mCherry
(d) pia _

(c)

L
It

fiber tip
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d |

layer | L

300pm + ® — — — — — — — — — — — — -
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layer Il /111
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A : ChR2-mCherry transduced neuron
L : Activated ChR2-mCherry transduced neuron

Figure 3. Assessment of the density of ChR2-expressing neurons and their optogenetically activated subset. (a) Fluorescence
micrograph, used for cell quantifications, displaying all neurons in green (Neurotrace staining), and the subset of ChR2-mcherry-
expressing neurons in red. Coronal section at the level of layer V. Scale bar = 100 um. (b) Schematic of a 100 um? tissue volume
illustrating the average number of neurons and portion of transduced neurons in somatosensory cortex. (c) Scheme of distribution of
ChR2-expressing neurons in cortex and illumination with blue light emitted from optical fiber. (d) Logarithmic plot of light attenuation
calculated with Aravanis model (squares) and spherical model (circles). Vertical scale is also valid for (c).
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spread and underestimating penetration. Using the experi-
mental light intensity Io=80mW/mm?, above threshold
volumes of 0.098 and 0.062mm’ were obtained for
Aravanis and spherical model, respectively. Assuming
that no ChR2 was expressed in layer IV and using the
above calculated homogeneous cell densities in layer II/
IIT and V/VI (Figure 3(c) and (d)), the number of typically
activated cells, ranged between 189 and 155 neurons for the
Aravanis model, and between 115 and 94 neurons for the
spherical model, for animal 1 and animal 2, respectively.

Spatial and temporal characteristics
of optogenetically evoked BOLD

Functional data were acquired using GE-EPI and ani-
mals were subjected to alternating optogenetic and
forepaw stimulations. Light pulses of 10ms duration
at 9 Hz with a light intensity of 80 mW/mm? at the tip
of the fiber resulted in a local BOLD activation at the
site of virus injection in 16 of 18 rats with a cluster size

of 40 & 8 voxels (17 of 18 uncorrected). Optogenectically
induced activation areas overlapped with sensory-
evoked activation areas observed in 11 animals
(Figure 4 and Suppl. Figure 5).

Temporal dynamics of BOLD responses were similar
for sensory and optogenetic stimulations (Figure 4).
Both time courses, averaged over all activated voxels
in 11 animals, showed an increase of 3s after the start
of the stimulation and reached a maximum after 5-65s
that decayed to baseline level after 20s. BOLD ampli-
tude was approx. 0.7% for optogenetic and 1.3% for
forepaw stimulation, decaying over 10s. The area
under the curve was 10.2+0.9 a.u. for sensory and
7.3+ 1.1 a.u. for optogenetic stimulation.

Assessment of secondary recruitment
of optogenetic stimulation

We assessed the temporal dynamics and magnitude of
the recruitment of the neuronal network, using optical

forepaw stimulation

(b)

optogenetic stimulation

stimulation
0.5 ! L L : : :
5 10 15 20 25 30
time (s)
(d)
1.5
S
©
=
(=)
» 0.5
[=]
S)
o0
stimulation
_05 —— n n n
5 10 15 20 25 30
time (s)

BOLD signal (%)
& &

o

Figure 4. BOLD response upon sensory and optogenetic stimulation. (a) Representative activation map upon electric forepaw

stimulation (I mA), and (b) averaged time course (I | animals) showing the BOLD response in SIFL. Peak BOLD amplitude was 1.3%,
and the area under the curve was 10.2 a.u. (c) Representative activation map upon optogenetic stimulation, and (d) averaged time
course (I animals) showing the BOLD response in the optogenetically activated region. Peak BOLD amplitude was 0.7%, the area

under the curve was 7.3 a.u.
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Ca”" recordings as region-specific readout of neuronal
spiking activity. To this end, we first subjected animals
to forepaw stimulation pulses of varying strength, yet
well below pain threshold (Figure 5(a)). For all stimu-
lation strengths we found identical temporal dynamics,
yet a significant increase in peak amplitude for higher
stimulation strength. This shows that Ca*" recordings
can serve as a quantitative readout of neuronal popu-

For assessment of the response to optogenetic acti-
vation, we used low light intensity for constant excita-
tion of OGB-1 and high intensity for pulsed excitation
of ChR2.* We could not record neuronal activity
during the short stimulation pulse. Due to the same
excitation wavelength for Ca®" indicator and ChR2,
the detector was saturated by the high fluorescence
emission of the indicator during the high-intensity

lation activity. optic stimulation pulses (stimulation artifact, see

(a) 0.5mA

S S5
o 3o
3 »3
> >
¥
[E—

2 % Af/f

250 ms

—LIMHHWHHWIWH_ L i

—
O
~

... optogenetic
===+ forepaw (1 mA)

0.5 % Af/f

(d)

0.2 % Af/f 50 ms

VAV.VAYA

Figure 5. Cortical optogenetic stimulation did not result in a widespread secondary recruitment of the neuronal network. (a)
Primary Ca®" responses induced by forepaw stimulation, single pulses at different stimulation strength. Mean (red line) + SEM (black
line), significant increase of peak amplitudes comparing 0.5 to | mA (p < 0.001, 21 versus |8 transients) and comparing 0.5 to |.5 mA
(p <0.001, 18 versus 23 transients). (b) Average primary responses upon optogenetic stimulation with a pulse duration of 10ms in a
different animal expressing ChR2 in somatosensory cortex, mean (red line) = SEM (black line), |1 transients. Ca®" transients were
recorded after single stimulation pulses without preceding fluorescence excitation to exclude influence of constant illumination. Note
that the stimulation artifact has been removed. (c) Average responses of same animal upon | ms, | mA electric forepaw stimulation,
identical scaling as in (b), mean (red line) &= SEM (black line), || transients. Importantly, fluorescence intensity changes can only be
compared within the same experimental subject. (d) Single Ca®" transients from three different animals upon optogenetic stimulation.
Exponential detector recovery was removed and data were low-pass filtered. Data are shown starting at 6 ms after the end of the
optic pulse.
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Suppl. Figure 1), as in previous studies.*** Despite the
stimulation artifact, we could estimate the amplitude of
neuronal responses by subsequently stimulating with
either electric forepaw pulses or combined electric and
optic pulses (Suppl. Figure 6). Similar signal amplitudes
for both paradigms were observed. Yet, latency and rise
times could not be resolved. We compared averaged
primary neuronal Ca®" responses to either optogenetic
or 1 mA sensory stimulation and found similar ampli-
tudes and a monotonous signal decay (Figure 5(b)
and (c)). After subtracting the detector saturation
from the data, single responses could be resolved
starting from 6 ms after end of the stimulation pulse
(Suppl. Figure 1). Monotonic signal decay was
observed throughout (Figure 5(d)), indicating a pri-
mary neural response as origin of the detected signal.

Discussion

In this study, we simultaneously recorded BOLD fMRI
and Ca”" transients upon optogenetic and forepaw
stimulation. This novel methodological combination
affords both to manipulate neuronal networks and to
detect specifically neuronal spiking activity during sim-
ultaneous brain-wide functional imaging by BOLD
fMRI. We employed Ca?" recordings for a spatially
confined optical readout of neuronal spiking activity,
to assess the cortical representation of sensory and local
optogenetic stimulation. We found a similar scale of
local neuronal network recruitment upon both stimu-
lation paradigms. To explore the extent and dynamics
of optogenetic network recruitment, we assessed the
relative portion of optogenectically activated neurons
in the volume with suprathreshold light intensities. By
using Ca”" recordings as a specific, local and unper-
turbed fast spiking readout of neuronal activity, we
were able to resolve primary neuronal response along-
side brain-wide BOLD fMRI.

The application of optogenetics has great potential
in advancing causal therapeutic strategies in neuro-
logical disorders, aiming at rebalancing neuronal cir-
cuitry.>® It has been shown previously that ChR2 can
drive neuronal spiking using Poisson stimulus trains,
which resemble endogenous stimulus patterns.® Yet,
on a network level, to emulate sensory inputs, optoge-
netic stimulation should recruit a similar proportion of
the local network. Based on a combination of our
experimental cell quantifications and the estimation of
illuminated volume, we conclude that upon a light
stimulus we recruit about 100-200 neurons, represent-
ing approximately 7% of the local neuronal popula-
tion, within the area of activation. This percentage is
in the same range as typically recruited by sensory
stimulation.! Yet, the complex interplay of cortical
layers cannot be mimicked by local cortical optogenetic

stimulation; we cannot recapitulate the temporal suc-
cession of the activation of the individual network com-
ponents, even more given that no significant expression
of ChR2 in layer IV could be found.*

Based on previous experiments that combined con-
focal image analysis with single-cell electrophysiology
and titrated down the number of transduced cells,* we
assume that we indeed functionally activate those cell
numbers determined by our quantification methods,
provided that they are situated within the area of acti-
vation. However, the exact determination of activated
neurons remains challenging, particularly in the in vivo
situation as the spatial distribution of light in heteroge-
neous brain tissue can only be estimated.*>** The
volume of tissue illuminated with above threshold
light was calculated with two models. The Aravanis
model of conical light distribution, which is commonly
accepted and routinely used in optogenetic studies,”'”
provides an estimate of maximum penetration depth
and minimum lateral spread. The spherical model pro-
vides maximum lateral light spread and underestimates
penetration depth. Therefore, our calculations define
the limits of illuminated volume. The scope of optoge-
netic network activation will furthermore critically
depend on virus titer, serotype, promoter, injected
volume, and cytoarchitecture of the targeted regions.
Nevertheless, our findings may serve as an order-of-
magnitude estimate of network recruitment for future
studies using comparable experimental protocols.

Direct cortical optogenetic stimulation predomin-
antly activated those cortical layers with ChR2-
expressing cells, layer II/II1, V, and VI. Yet, the spatial
and temporal characteristics of the BOLD response
were similar to those observed upon sensory stimula-
tion, in agreement with a recent comprehensive study of
the neurovascular response upon optogenetic and sen-
sory stimulation.'® We found that BOLD activity
extended over up to three image slices, representing
more than the illuminated area. However, the vascular
recruitment may exceed the area of primary neuronal
activation and BOLD signal will be detected from a
larger volume. This effect may be more pronounced
for optogenetic activation, as a recent study has mea-
sured higher oxygen demand upon optogenetic versus
sensory stimulation.™®

As a complementary functional readout we used
optic fiber-based Ca®" recordings to assess spatially
confined spiking activity.* Ca®" imaging using single-
cell loading of neurons with OGB-1 is capable of resol-
ving Ca*" dynamics of individual spines upon synaptic
input.** However, bolus loading of neuronal popula-
tions results in a predominant contribution of the
increased somatic Ca®" concentration to the popula-
tion signal.***' High amplitude and fast changes in
somatic Ca®" levels are mainly driven by action
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potential-coupled influx of Ca®" through voltage-gated
Ca”" channels.*!

It has to be noted that the Ca*" indicator OGB-1 is
also taken up by astrocytes.*! However, even though
astrocytes exhibit high-amplitude Ca”*" transients, we
can exclude a significant contribution of astrocytic
activity. The temporal profile of astrocytic Ca** tran-
sients differs significantly from neuronal responses,
exhibiting slow rise times and durations in the range
of up to 30s,**! in contrast to durations of less than
100 ms of neuronal responses. Therefore, Ca®" record-
ings may be interpreted as a selective readout of neur-
onal population activity.

We probed the relationship of Ca’>" recordings and
BOLD fMRI. We employed sensory stimulations at
different frequencies to differentiate between spiking
responses and synaptic activity, as in cortex the spiking
response adapts at higher frequencies by the postsynap-
tic mechanism of synaptic depression.*” The interrela-
tion of sensory stimulation parameters on BOLD fMRI
has been studied previously,**° showing a differential
impact of stimulus frequency and duration on CBF,
CBV, and BOLD, and reporting drastically lower
BOLD amplitudes at low stimulation frequencies
below 5 Hz,>#¢* in agreement with our observations.
While the BOLD response persisted during the stimu-
lation trains for higher stimulation frequencies, the
Ca’* signal, reflecting spiking activity of a local neur-
onal population, already adapted within the first 1-4s.
LFP measurements, reflecting both spiking activity and
subthreshold potentials, showed a less pronounced
adaptation with increasing frequencies. This suggests
a different adaptation behavior of spiking and subthres-
hold activity on local population level. Among other
signal components, BOLD integrates both spiking as
well as subthreshold potentials, and their relative con-
tributions to the signal may vary.?'**-* Consequently,
BOLD and Ca®" recordings provide complementary
readouts of neural network activity.

Our results, showing similar BOLD time courses in
response to optogenetic and sensory stimulation, sup-
port recent findings that network activation is compar-
able in both regimens.'® The BOLD amplitude after
both stimulations scales with the stimulation
strength.'"'® Yet, a similar BOLD time course does
not exclude that upon optogenetic stimulation an immi-
nent secondary recruitment of the network might dom-
inate the network response.”> Our data provide a
measure of suprathreshold neuronal network activity
alongside BOLD upon optogenetic stimulation. Even
though we could not record during the stimulus pulse
due to the spectral overlap of the excitation wave-
lengths of ChR2 and OGB-1, we could reduce the
downtime to 16ms after stimulation onset. We can
exclude that we miss a significant proportion of the

transient, as the time of spike initiation upon ChR2
activation ranges at 7ms’, and additional time is
required for Ca®" influx and binding to OGB-I.
From the absence of a secondary response peak in the
Ca’" recordings, we conclude that the imminent local
network activation is dominated by the primarily acti-
vated ChR2-expressing neurons. In future studies, the
control of opsin expression by promoters of immediate
early genes such as cfos’' might allow a direct recap-
itulation of the spatial patterns of network recruitment
evoked by sensory stimulation.

Ultimately, optogenetics may not only serve as a
basic science tool, but may allow for a causal assess-
ment of therapeutic strategies in the preclinical setting,
aiming at rebalancing aberrant circuit function.® Here,
we provide an order-of-magnitude estimate on the
scope and temporal dynamics of local optogenetic net-
work activation, mitigating concerns about a nonphy-
siological activation in of MRI.?

Conclusions

The methodological approach that we have established
here allows for a comprehensive assessment of the spa-
tiotemporal dynamics of optogenetically and sensory
evoked activity of local brain networks. A causal
assessment of the contribution of individual network
components to BOLD fluctuations alongside optical
recordings of neuronal population activity becomes
feasible, opening the door for investigating functional
networks of the brain in unprecedented detail and
comprehensiveness.
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