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Hemodynamic responses are commonly used to map brain activity;
however, their spatial limits have remained unclear because of the
lack of a well-defined and malleable spatial stimulus. To examine the
properties of neural activity and hemodynamic responses, multiunit
activity, local field potential, cerebral blood volume (CBV)-sensitive
optical imaging, and laser Doppler flowmetry were measured from
the somatosensory cortex of transgenic mice expressing Channelr-
hodopsin-2 in cortex Layer 5 pyramidal neurons. The magnitude and
extent of neural and hemodynamic responses were modulated using
different photo-stimulation parameters and compared with those
induced by somatosensory stimulation. Photo-stimulation-evoked
spiking activity across cortical layers was similar to forelimb stimu-
lation, although their activity originated in different layers. Hemody-
namic responses induced by forelimb- and photo-stimulation were
similar in magnitude and shape, although the former were slightly
larger in amplitude and wider in extent. Altogether, the neurovascu-
lar relationship differed between these 2 stimulation pathways, but
photo-stimulation-evoked changes in neural and hemodynamic
activities were linearly correlated. Hemodynamic point spread func-
tions were estimated from the photo-stimulation data and its full-
width at half-maximum ranged between 103 and 175 pum. Therefore,
submillimeter functional structures separated by a few hundred
micrometers may be resolved using hemodynamic methods, such as
optical imaging and functional magnetic resonance imaging.
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Introduction

Noninvasive methods to investigate brain function in humans,
such as functional magnetic resonance imaging (fMRD), rely on
activation-evoked regional changes in blood oxygenation. It is
well known that these changes in blood oxygenation result
from those in cerebral blood flow (CBF), blood volume, and
oxygen consumption (Ogawa et al. 1993; Buxton et al. 1998;
Davis et al. 1998; Kim et al. 1999; Kim and Ogawa 2012). Un-
derstanding the relationship between these hemodynamic
changes and their neural activity has been crucial for the
proper interpretation of brain imaging data. Significant pro-
gress has been attained in understanding the temporal proper-
ties of this neurovascular relationship; for example, linear and
nonlinear characteristics have been observed between evoked
activity and the hemodynamic response (Boynton et al. 1996;
Vazquez and Noll 1998; Logothetis et al. 2001; Martindale et al.
2005; Sanganahalli et al. 2009; Rios et al. 2010). Concurrent
imaging and electrophysiological experiments have shown
that the magnitude of temporal hemodynamic changes at the
recording site is well correlated with field potential activity and
spiking activity (Ogawa et al. 2000; Logothetis et al. 2001).
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Spatially, hemodynamic responses are known to over-extend
the neurally active tissue (Malonek and Grinvald 1996;
Berwick et al. 2008; Vazquez et al. 2010). However, the spatial
specificity of hemodynamic changes has also been demon-
strated in relatively small scales using small functional struc-
tures, such as individual whisker barrels in rats and orientation
domains in the cat visual cortex (Yang et al. 1996; Duong et al.
2001; Weber et al. 2004; Zhao et al. 2005; Moon et al. 2007;
Berwick et al. 2008). Nevertheless, the spatial properties of the
neurovascular coupling have remained unclear, particularly
over submillimeter scales, because of the lack of a well-defined
and malleable spatial stimulus. Uncovering and understanding
the spatial properties of the neurovascular coupling are essen-
tial to fully exploit hemodynamic signals and in their use for in-
terpreting brain function (i.e. neural activity), particularly with
the increasing use of new image acquisition methods with sub-
millimeter resolution.

Mice expressing Channelrhodopsin-2 (ChR2) have been
developed as part of the optogenetics toolset with the
expression of ChR2 throughout the cortex (Wang et al. 2007),
presenting a potentially ideal model to spatially and temporally
modulate neuronal activity. This animal model possesses
several important properties. First, increases in the light- or
photo-stimulation intensity have been shown to increase the
current of patched cells by the increased recruitment of photo-
receptors (Wang et al. 2007). Interestingly, ChR2 can depolarize
ChR2-positive neurons to fire action potentials with bright light
flashes, while dim light flashes cause subthreshold depolariz-
ations. More importantly, the number of evoked action poten-
tials is proportional to the photo-stimulus intensity. Secondly,
the expression of ChR2 is mediated by the Thyl promoter and
its presence in the cortex is limited to Layer 5 pyramidal
neurons and their processes that extend to superficial layers
(Wang et al. 2007). Nevertheless, this animal model has been
used by several groups to show that photo-stimulation is
capable of eliciting spatially selective neuronal activity as well
as detectable hemodynamic responses (Ayling et al. 2009; Kahn
et al. 2011; Scott and Murphy 2012). In these studies, hemody-
namic responses induced by photo-stimulation were reported
to extend over 1 mm (Desai et al. 2011; Scott and Murphy
2012). Thirdly, the presence of ChR2-positive cells in these mice
is conveniently identified by the coexpression of yellow fluor-
escent protein (YFP) (Wang et al. 2007). Therefore, this optoge-
netic model can be used to identify and to spatially manipulate
neural activity in a spatially selective neuronal population by
modulating the photo-stimulation parameters.

ChR2 transgenic mice were used in this work to investigate
the relationship between neural activity and hemodynamic
responses evoked by forelimb- and photo-stimulation, particu-
larly in the spatial dimension. A metal electrode was used to
measure the evoked local field potential (LFP) and multiunit



activity (MUA), while optical imaging of intrinsic signal (OIS)
and laser Doppler flowmetry (LDF) were used to measure he-
modynamic responses. Both the intensity and duration of
photo-stimuli were used to modulate the extent and spiking rate
of the targeted area, centered at the forelimb area in the somato-
sensory cortex. Potential differences in the activity evoked by
the forelimb versus photo-stimulation may limit the ability of
this optogenetic model to elucidate on the relationship between
neural activity and hemodynamic responses. Therefore, the fol-
lowing measurements were performed to compare these 2 path-
ways and their neurovascular relationships: (1) Depth profile of
neural activity induced by forelimb- and photo-stimulation, (2)
magnitude of the neural activity and hemodynamic responses,
and (3) spatial extent of hemodynamic responses relative to
spatial estimates of neural activity. The data collected were then
used to determine the magnitude and spatial properties of he-
modynamic responses as a function of neural activity as well as
to estimate its point spread function (PSF).

Materials and Methods

A total of 19 adult mice obtained from the Jackson Laboratory (Bar
Harbor, ME, USA) were used. Fifteen transgenic mice (23-32 g; 2-7
month old) expressing ChR2 throughout their central nervous system
[n=10 for strain B6.Cg-Tg(Thyl-COP4/EYFP)9Gfng/] and n=5 for
strain B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J] were used for the exper-
imental group, and 4 adult mice (24-35 g, 2-8 month old; n=2 for
C57BL6/J and n=2 for B6.Cg-Tg(Thyl-eGFP)OJrs/Gfng]) were used
as a control group. All procedures performed followed an experimental
protocol approved by the University of Pittsburgh Institutional Animal
Care and Use Committee in accordance with the standards for humane
animal care and use as set by the Animal Welfare Act and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
The animals were initially anesthetized using a ketamine (75 mg/kg)
and xylazine (10 mg/kg) or dex-dormitor (0.5 mg/kg) cocktail admi-
nistered intraperitoneally (IP). An IP line was then inserted to adminis-
ter fluids (5% dextrose in saline) as well as supplementary anesthesia
throughout the experiment, which consisted of ketamine alone at 30
mg/kg/h, typically commencing about 1 h after induction. Two needle
electrodes were placed in the left forepaw between digits 2 and 4 for
electrical stimulation (Silva et al. 1999). The animals were then placed
in a stereotaxic frame (Narishige, Tokyo, Japan), and supplementary
oxygen was administered “blow-by” using a cannula at a rate of 500
mL/min. The heart rate was continuously monitored throughout the
experiment using metal leads placed subcutaneously in the abdomen
to assess the physiological condition of the animal and depth of an-
esthesia. Body temperature was maintained at 37°C using a thermal
probe and heating pad controlled by a direct current feedback unit
(40-90- 8C; FHC, Inc., Bowdoinham, ME, USA). The thermal probe was
placed under the abdomen, and a small blanket was placed over the
animal to help maintain the animal’s temperature throughout the
experiment. Heart rate and body temperature were recorded using a
polygraph data acquisition software (Acknowledge, Biopac Systems,
Inc., Goleta, CA, USA). The skull was then exposed over the somato-
sensory area. A well was made using acrylic cement surrounding an
area about 4 x 3 mm? on the right side of the skull, centered about 2
mm lateral and 1 mm rostral from the bregma. The skull in this area
was then removed using a dental drill, and cerebrospinal fluid was re-
leased around the cisterna magna area to minimize herniation. Surgical
light exposure to the brain during and after the craniotomy was filtered
to green-yellow light (570 + 10 nm) to avoid exposure to white light,
which could continuously stimulate the exposed brain tissue. The well
area was then filled with 1% agarose gel at body temperature.

Probe Placement
The location of the forelimb area was then identified for electrode and
probe placement using OIS at a wavelength of 572 nm (Fig. 14). This
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Figure 1. Experimental set-up and stimulation paradigm. (A) Experimental set-up for
electrophysiological recording, hemodynamic data acquisition, and photo-stimulation.
Following the craniotomy, an OIS experiment was performed to map the forelimb
somatosensory area (top-right inset, purple ovals) and place a metal electrode, optic
fiber, and LDF probe. The metal electrode was used to record LFP and MUA, the optic
fiber was used for photo-stimulation, OIS was used to image hemodynamic CBV
responses, and LDF was used to measure hemodynamic changes in CBF. A circular ROI
(green circle) was used to extract time series from the CBV-sensitive OIS data. (B)
Diagram of the experimental paradigm used for stimulation. For Experiment 1, single
electrical or photo-stimulation pulses were delivered every 3's (number of pulses
N =1, ISl =3s). For Experiment 2, electrical or photo-stimulation pulses were
delivered for 4 s at a frequency of 5 Hz every 60 s (number of pulses N = 20, interval
/=200 ms, stimulus duration D = 4 s). The amplitude (4) and duration (w) of each
pulse were varied depending on the stimulus. OIS: optical imaging of intrinsic signal;
LDF: laser Doppler flowmetry; CBV: cerebral blood volume; CBF: cerebral blood flow;
ROI: region of interest; LFP: local field potential; MUA: multiunit activity; . number of
pulses; /: interval; ISI: interstimulus interval; D: stimulus duration; A: pulse amplitude;
w: pulse width.

wavelength corresponds to an isosbestic point for hemoglobin,
making the OIS data sensitive to changes in total amount of hemo-
globin and therefore representative of cerebral blood volume (CBV).
OIS data were acquired at 30 frames per second (fps) using an analog
CCD camera (Sony XT-75, Japan) and an A/D frame-grabbing board
(Matrox, Inc., Dorval, Quebec, Canada) over a field-of-view of 3.5 x 3.0
—4.4x3.7mm” depending on the magnification setting of the macro-
scope (MVX-10; Olympus, Tokyo, Japan). The light source consisted of
oblique light guides connected to a halogen light source (Thermo-Oriel,
Stratford, CT, USA) to transmit filtered light at a wavelength of 600 + 50

nm. A barrier filter (572+7 nm) was placed prior to the camera to
obtain the desired CBV sensitivity. The forelimb stimulus consisted of
1.5 mA, 0.5-ms electrical pulses at a frequency of 5 Hz for 4 s every 16 s,
repeated 10 times. The stimulus was delivered using a current isolator
box (AMPI, Jerusalem, Israel) driven by a Master-8 waveform generator
(AMPI, Jerusalem, Israel). Forelimb area maps were generated by com-
puting an average difference image of the data obtained over each stimu-
lation trial and the data from each 2-s period preceding stimulation
onset (-3 to —1 s).

An optic fiber, metal electrode, and LDF probe were placed as close
as possible to the hotspot location while avoiding large surface vessels.
The optic fiber used to deliver the photo-stimulus has a core diameter
of 125 pym (S-405-HP, ThorLabs, Inc., Newton, NJ, USA). The metal
electrode (Carbostar-1 with a tip diameter of 5 pm and resistance of
about 1 MQ; Kation Scientific, Minneapolis, MN, USA) was placed adja-
cent to the optic fiber below the core of the illuminated area at a depth
of 260 pm. Lastly, the LDF (Perimed, Inc., Jarfalla, Sweden) probe used
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has a tip diameter of 450 pym and operating wavelength of 780 nm. It
was placed over the area illuminated by the optic fiber and the location
of the metal electrode to monitor and record CBF. Because each probe
was placed under the optical imaging system, the fiber, electrode, and
probe were inserted at a 60° angle. This set-up was allowed to settle for
15 min, after which the experimental data acquisition commenced.
The location of the optic fiber and LDF probe was fixed throughout the
experiments.

Experimental Design
Photo-stimulation and forelimb stimulation experiments were per-
formed as follows. The photo-stimulus was delivered using a power-
adjustable, transistor-transistor logic (TTL)-controlled, 473 nm laser
diode unit (CrystaLaser, Inc., Reno, NV, USA) connected to the optic
fiber. Since the brain is a relatively high light-scattering medium, in-
creasing the intensity of photo-stimulation increases the spatial extent
of the stimulus and also the spike rate. Increasing the photo-stimulus
duration is expected to increase the spike rate and have a smaller
impact on spatial extent. Therefore, 6 photo-stimulation parameters
sets were used: 1.0, 0.5, and 0.25 mW pulses [measured at the end of
the fiber using a power meter (Melles Griot 13PEM001, CVI Melles
Griot, Inc., Alburquerque, NM, USA)] with duration of 10 ms, 1.0 and
0.25 mW pulses with duration of 30 ms, and 1.0 mW pulses with dur-
ation of 2 ms. In comparison, responses obtained by forelimb stimu-
lation using 1.5mA, 0.5ms electric pulses were also recorded.
Electrophysiological activity was recorded at a frequency of 20 kHz
(MAP, Plexon, Inc., Dallas, TX, USA). OIS was recorded at 30 fps and
LDF at 1 kHz.

Two experimental sessions were performed in most of the animals
as described below. The total number of animals used for each exper-
imental session is indicated in Table 1.

Experiment 1: Electrophysiological assessment of the evoked photo-
and forelimb stimulation responses as a_function of depth and
distance

For this experiment, animals expressing ChR2 were used and a single
pulse was delivered every 3 s for 48 s for each parameter set [Fig. 1B,
N=1, interstimulus interval (ISD) =3 s], except 0.5 mW photo-stimuli
with duration of 10 ms. Measurements were performed at linear depth
increments of 100 pm, which consisted of about 86 pm steps in the
depth direction. Each time the electrode was advanced 100 pm, about
5 min elapsed before recording continued to allow for the electrode to
settle. Following these depth recordings, the electrode was reposi-
tioned laterally along the pial surface about every 100-400 pm from
the original insertion point, avoiding visible surface vessels, and the
electrophysiological recording was repeated as a function of depth. If
the animal’s condition became unstable (irregular heart beat or heart
rate under 200 beats per minute), experimental recording was paused.
If the animal’s condition was unstable for over 30 min, the experiment
was terminated.

Table 1

Number of subjects for each experiment

Photo-stimulation Experiment 1 Experiment 2

Amplitude Duration LFP&MUA  LFP & MUA OIS and LFP & MUA OIS only
center distance (%)

1.0 mwW 30ms 10 5(9) 10,4 2

1.0 mwW 10 ms 9 7(15) 10, 4 2

1.0mwW 2ms 9 2(3) 10,4 2

0.5 mwW 10 ms None None 8,4 1

0.25 mW 30 ms 4 3(3) 8,4 1

0.25 mW 10 ms 8 8(17) 9,4 2

1.5 mA (FL) 0.5 ms (FL) 7 None 10,4 2

Note: Six photo-stimulation parameters were used, while 1 was used for forelimb stimulation (last
row). Experiment 1 consisted of single-pulse stimulation and Experiment 2 consisted of 4-s
stimulation at a frequency of 5 Hz. The second number in the OIS and LFP & MUA column of
Experiment 2 indicates the number of control animals used for these experiments.

“Total number of samples.
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Experiment 2: Hemodynamic and neural recording of photo- and
Jorelimb stimulation responses

Control and ChR2-expressing animals were used for this experiment.
CBV-sensitive OIS, LDF, and electrophysiology were recorded simul-
taneously. To evoke robust hemodynamic responses, each recording
session consisted of stimulation for 4 s at a frequency of 5 Hz every 60
s repeated 5 times (Fig. 1B, N=20, =200 ms, ISI=60 s). A total of at
least 10 trials were targeted for each stimulation parameter set.

Data Analysis

All the data were analyzed using Matlab (Mathworks, Natick, MA,
USA). The electrophysiological data were filtered between 300 and
9000 Hz to quantify MUA and between 10 and 150 Hz to quantify LFP
activity. MUA was quantified over 50 ms temporal bins by counting the
number of outward zero-crossings exceeding a threshold of 3x the
standard deviation of prestimulation baseline data. LFP was quantified
by measuring the magnitude between the peak of the first negative
and first positive deflections (N1 and P1) as an indication of the event’s
LFP amplitude. Photo-stimulation was not observed to introduce noise
or artifacts into the LFP and MUA data; however, electrical forelimb
stimulation did introduce a short, high-frequency deflection into the
data, such that the forelimb electrophysiological data surrounding
stimulation onset between —1 and 4 ms were discarded. The MUA and
LFP data were averaged for each stimulation parameter set for each
animal.

Time series of the hemodynamic responses evoked by forelimb-
and photo-stimulation were obtained from the OIS and LDF data. To
extract the OIS time series, a circular region of interest (ROI) 100 pm in
diameter was generated and centered at the insertion point of the
metal electrode (green circle in Fig. 14). OIS and LDF time series span-
ning 60 s were obtained from all trials starting at 5 s prior to stimulation
onset. Small linear trends were removed from each trial by considering
only data over the first and last 5 s of each time series. To minimize the
contribution of YFP emission during the photo-stimulation period to
the hemodynamic OIS time series, the temporal difference was com-
puted for each trial over the prestimulation baseline and stimulation
period. Then, data points during the stimulation period exceeding a
threshold of >3x the baseline standard deviation were removed from
the time series. The OIS and LDF time series were down-sampled to
10 Hz and low-pass filtered with a rectangular cut-off of 4 Hz. Finally,
time series from trials with common stimulation parameters were aver-
aged and then normalized by their prestimulation baseline intensity.

Maps of the spatial extent of the YFP emission and evoked hemody-
namic activity were obtained from the OIS data. Photo-stimulation
excited the YFP coreporter expressed in these mice, which emitted suf-
ficient light to be captured by the OIS camera (manifested as increases
in the OIS signal). YFP emission maps were generated by subtracting
the average image over 2 s prior to stimulation onset from the average
image over the first 2s of the stimulation period. Hemodynamic
activity maps, characterized by decreases in the OIS signal, were gener-
ated by subtracting the averaged image over the 2-s period immediately
after stimulation offset from the average image over the 2-s period
prior to stimulation onset. The 2-s period immediately after stimulation
offset temporally coincided with the peak hemodynamic change for
most stimulation parameters. YFP emission and hemodynamic maps
from common trials were averaged and smoothed using a 2-pixel-wide
Gaussian filter. No differences were observed in the data from the
strains used for the experimental (ChR2) or control groups; hence,
these data were pooled for each group. Population data are reported as
mean * standard deviation unless noted otherwise.

Electrophysiology of Forelimb- Versus Photo-stimulation at the
Forelimb Center (Experiment 1)

The LFP and MUA data obtained as a function of depth at the forelimb
area were used to examine potential evoked activity differences
between forelimb stimulation, a stimulation pathway that evokes
activity in the cortex via thalamic input, and photo-stimulation, which
evokes cortical activity originating from Layer 5 pyramidal neurons.
Three laminar analyses were performed for this purpose: (1) Current
source density (CSD), (2) average time-to-first spike, and (3) the



average increase in MUA over baseline (AMUA). The LFP and AMUA
data as a function of depth for each stimulation parameter set and each
animal were pooled together and averaged. The average LFP data were
then used to compute CSD. The time to the first zero-crossing within
the first 20-ms of evoked activity was extracted to examine the
time-to-first spike as a function of depth. Spikes within the first 2 ms
were discarded. The time-to-first spike as a function of depth was aver-
aged across trials, and the minimum was subtracted from each animal’s
data. In this fashion, the standard deviation was calculated relative to
each subject’s minimum time-to-first spike. The average minimum
time-to-first spike was then added back to the average data. Animals
with no detected spikes within the 2- to 20-ms window at more than
one depth were excluded.

Electrophysiology of Photo-stimulation as a Function of Distance
(Experiment 1)

A characterization of the activity evoked by photo-stimulation as a
function of distance from the forelimb center (fiber location) followed.
Since the points sampled for this portion of the experiment were
limited and therefore sparse, the MUA and LFP activities were averaged
over depth for each animal and each parameter set tested. For each
location, the average LFP and AMUA were normalized to their respect-
ive values at the forelimb center. In addition, the YFP intensity was
measured at each electrode penetration point using OIS and normal-
ized to the YFP intensity at the fiber location. The normalized extent of
YFP emission is related to the area illuminated by photo-stimulation
area and may serve as a surrogate measure of the photo-stimulated
area. The normalized LFP, AMUA, and YFP data from all animals for
each parameter set were individually fit to a single exponential decay
model [i.e. y=exp(—x/d)], where x represents the distance from the
fiber location and the decay parameter (d) represents the response
spread. Data points >1 were excluded from the model fit. The esti-
mated spread parameter was then used to establish a spatial relation-
ship between YFP emission and LFP activity as well as YFP emission
and AMUA activity (e.g. LFP = YFP®w/dur),

Neural Activity (LFP and MUA) Versus Hemodynamic Response

(LDF and OIS) at Forelimb Center (Experiment 2)

The LFP, MUA, LDF, and OIS data collected for Experiment 2 were
used to examine the relationship between the peak hemodynamic
response amplitude and average LFP activity as well as the average
AMUA. The hemodynamic response amplitude was obtained from the
LDF and OIS data averaged over the 3-s period immediately following
stimulation offset. A linear fit was performed on these data. The
time-to-peak of the hemodynamic responses measured by LDF and
OIS were also measured for all parameter sets.

Spatial Extent of Hemodynamic Response (OIS) Versus Estimated
Neural Activity (LFP and MUA) (Experiment 2)

The spatial extent of the hemodynamic responses and YFP emission
were measured using OIS. The hemodynamic maps were normalized
by their peak negative amplitude and then binarized using thresholds
of 75%, 50%, and 25%, while the YFP emission maps were normalized
by their peak positive amplitude and binarized to thresholds of 50%,
40%, 30%, 20%, and 10%. The number of pixels in each binary map
was counted to calculate the area of activity. The diameter of the active
area was estimated assuming that the responses were circular in shape.
The calculated diameters were then averaged for each stimulation par-
ameter set.

The YFP emission diameter data were then used to obtain estimates
of the spatial extent of the LFP and AMUA responses for each photo-
stimulation parameter set tested as mentioned in the “Electrophysi-
ology of Photo-stimulation as a Function of Distance” section above.
These data were used to examine the spatial linearity of the hemody-
namic response. To this end, the full-width at half-maximum (FWHM)
of the estimated neural responses was compared with the FWHM of
their hemodynamic response. In addition, a linear model was used to
quantitatively examine the spatial behavior of the neuro-hemodynamic
relationship. Given the exponential character of the data obtained, an
exponential model (impulse response function) was selected (Equation

1), which is parameterized by an amplitude () and spatial spread (o)
parameters. The model was independently fit using 3 inputs, U(x) in
Equation 1: the average YFP emission radius, the estimated LFP
response radius, and the estimated MUA response radius.

g e) — )] 1)

A search routine was used to find the model parameters that best fit
the average OIS (CBV) spatial profile [the model’s output, H(x)] given
each input [U(x)]. Since the data were normalized relative to their
center intensity, the amplitude parameter was fixed to 1. To determine
linearity, the correlation between the model’s spread parameter (o)
and the FWHM of the YFP emission, estimated LFP response and
AMUA response were calculated for all the photo-stimulation par-
ameter sets. Linearity was assumed if no significant relationship could
be established between the input and the model’s impulse response
function, which represents the profile of the PSF. The average FWHM
of the calculated hemodynamic PSF was calculated as 1.3860.

Results

Electropbysiology of Forelimb- Versus Photo-stimulation
at the Forelimb Center

Electrophysiological data obtained at the forelimb area as a
function of depth were used in Experiment 1 to examine
potential differences between single-pulse forelimb- and
photo-stimulation. The average CSD was computed using the
LFP data as a function of depth to examine the laminar differ-
ences in evoked potential activity (Fig. 24). As expected, a
source (negative deflection in blue) was observed with fore-
limb stimulation between 350 and 500 um deep representative
of the thalamic-driven depolarization of Layer 4 neurons.
Photo-stimulation opened channels in superficial dendrites of
Layer 5 pyramidal neurons and their trunks as indicated by the
negative deflection over the top 400 pm. The sink of that
activity was located between 500 and 900 pm deep, which in-
cludes the location of Layer 5 pyramidal neurons. As the
energy of the photo-stimulus decreased (e.g. decreasing dur-
ation from 30 to 2 ms), the magnitude of the evoked field
potential activity also decreased while maintaining the same
depth response profile (Fig. 24).

The average time-to-first spike was then extracted to explore
the progression of the evoked spiking activity as a function of
depth. Data from 3 animals were excluded to ensure that the
results reflect spikes generated from most depth locations in
each animal within the specified window (2-20 ms after
onset). The results show the expected propagation of laminar
activity (Fig. 2B). Forelimb stimulation evoked the first spike,
on average, 8.3 ms after stimulation onset at the upper range of
Layer 4 in the mouse somatosensory cortex (Altamura et al.
2007; Fig. 2B, black line). The average time-to-first spike
rapidly followed to Layers 2-3 and then continued to deeper
locations. In contrast, photo-stimulation at 1 mW and 30 ms
produced the first spike on average 5.5 ms after stimulation
onset at Layer 5, followed quickly by spikes at Layer 2-3 and
Layer 4 shortly after, and then continued onto deeper layers
(Fig. 2B, blue line). Similar depth behavior was observed for
photo-stimulation at different intensities and durations;
however, decreasing the intensity to 0.25 mW increased the
overall time-to-first spike by 2.2 ms, on average.

Beyond these expected temporal differences, the overall
MUA activity elicited by forelimb- and photo-stimulation as a

Cerebral Cortex November 2014, V24N 11 2911



A Average current source density analysis D
Overall spiking activity
FL 1mW 30ms 1mW 10ms ImW 2ms 10
100 |] —_—
1 vy
-200° 2 g0 |
: . | o
300 &
£ -400: g 20
= e . R R e e - - e e e e e e - - - — Jeasah.emaaal
= 500 = 15
£ <
8_ -6005 a
O 700 ‘ ap 10 7
: &
-800° ' . g 54
i _ <
0.1 0 0.1 0.2 0.1 1] o1 0.2 -0.‘1 0 0.1 02 -0‘! 1] 0.1 02 0 T T T T
Time (s) Time (s) Time (s) Time (s) FL 1mW 1mW 1mW 0.25mW0.25 mwW
30ms 10ms 2ms 30 ms 10 ms
B Average time-to-first spike C Average population spiking activity
12 14 35
—4=FL
sl 1 W 30ms
= 1 - 1mW 10ms 13 10 ~B-1mW 30ms
o = = = 0.25mW 10ms = AT Lo
E 12 3 - =0=1mW Zms
5 n 9
£ 11 ’é" ‘a
B n Lo
<
: 3 3
_g. o % 15
5 =
2
— 10
E 8
Q
-E 5 - 7 5
2-3 4 5 6 6
4 6 0
150 250 350 450 550 650 750 850 950 0 100 200 300 400 500 600 700 200 900 1000
Depth (um) Depth (um)

Figure 2. Electrophysiological recording of single-pulse photo- and forelimb stimulation in the somatosensory cortex as a function of depth for Experiment 1. (4) Average CSD
calculated for single-pulse forelimb stimulation (1.5 mA, 0.5 ms) and single-pulse photo-stimulation (30, 10, and 2 ms at 1 mW). (B) The average time-to-first spike was measured
after photo-stimulation onset as a function of depth for 3 photo-stimulation parameters (30 and 10 ms at 1 m\W and 10 ms at 0.25 mWV; left axis) and forelimb stimulation (right
axis). Specifically, the average time-to-first spike for forelimb stimulation was observed 8.3 ms after stimulation onset at a depth of 346 um (upper range of Layer 4) and it rapidly
followed at 2 neighboring depth locations, on average 8.4 ms at 260 um (Layers 2-3) and 9.4 ms at 433 um (Layer 4), and continued to deeper locations between 10 and 13 ms
(Layers 5 and 6). For photo-stimulation (1 mW, 30 ms), the average time-to-first spike was observed 5.5 ms after stimulation onset at a depth of 520 um (Layer 5) followed by
spikes, on average, 5.7 and 5.8 ms after stimulation onset at depths of 606 (Layer 5) and 260 um (Layers 2-3), respectively. Activity between 346 and 433 um (Layer 4) followed
shortly after and continued onto deeper layers 67 ms after stimulation onset. The first evoked spike was consistently observed around Layer 4 for forelimb stimulation and Layer 5
for photo-stimulation as evidenced by the small error bars at these locations. (C) Average increase in AMUA as a function of depth for forelimb stimulation and several photo-
stimulation parameters. (D) Overall average activity for all the stimulation parameters tested in Experiment 1. Error bars denote the standard error of the means. CSD: current source

density; MUA: multiunit activity; FL: forelimb.

function of depth was similar (Fig. 2C). All stimulation par-
ameters evoked relatively large activity between 173 and 780
um, and less activity in the most superficial location (86 pm)
and deeper locations (<780 pm). Photo-stimulation with dur-
ation of 30 ms also produced the largest increases in AMUA,
similar to the evoked forelimb activity, while the overall AMUA
decreased as the photo-stimulation duration was decreased to
10 and 2 ms (Fig. 2D). The evoked spiking activity of lower in-
tensity photo-stimuli (0.25 mW, 10 ms) was lower compared
with higher intensity photo-stimulation with the same pulse
duration (1 mW, 10 ms).

These findings together with the CSD data show the ex-
pected trends for forelimb- and photo-stimulation-evoked
activities, where forelimb stimulation initially drives Layer 4
activity while photo-stimulation initially drives Layer 5 activity.
More importantly, similar and significant amounts of depth
activity were evoked by all stimuli. Modulating the duration of
the photo-stimulus was very effective in regulating the overall
neural activity compared with modulating its intensity
(Fig. 2D).
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Spatial Extent of Electropbysiological Responses Evoked
by Photo-stimulation

Experiment 1 also investigated the spatial extent of the photo-
stimulation-evoked neural activity. LFP and MUA were
measured at various locations in a subset of animals to deter-
mine the spatial relationship between neural responses and
YFP emission (Fig. 3). The LFP and MUA data were averaged
over depth and normalized relative to their respective center
activity for each subject and plotted as a function of distance
(Fig. 3B,C). In addition, the YFP emission intensity was simi-
larly normalized at each sampled location (Fig. 3D). In general,
decreases in LFP, AMUA and YFP were observed with distance
from the fiber. As expected, the normalized LFP, AMUA, and
YFP data were all correlated (r=0.751/0.498/0.764 all with
P<0.0001 for LFP-YFP/AMUA-YFP/LFP-AMUA). However,
no discernible trend was evident between photo-stimulation
intensity or duration and distance, perhaps due to the sparse
spatial sampling and the low number of animals. These data
were fit using a single exponential function to capture the
spatial extent of photo-stimulation on neural activity (Fig. 3B-D,
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Figure 3. Electrophysiological recording of single-pulse photo-stimulation away from the fiber location for Experiment 1. (A) Pictorial of different sampled locations. Normalized
average LFP (B), AMUA (C), and YFP (D) changes with distance. The data from all animals for 3 different photo-stimulation parameters are presented. An exponential function was
fit to the data from each photo-stimulation parameter. These fits were used to establish a relationship between LFP and YFP emission as well as MUA and YFP emission. (£) The LFP
(open symbols) and AMUA (closed symbols) spread parameter for each photo-stimulation parameter set is plotted against its corresponding YFP spread parameter. The overall
average is denoted by the black diamond symbols. Error bars denote the standard error of the means. LFP: local field potential; MUA: multiunit activity; YFP: yellow fluorescent

protein.

colored curves). Figure 3E shows the spatial spread parameters
for LFP (open symbols) and AMUA (closed symbols) versus the
YFP spatial spread parameters. The average spread of LFP and
AMUA (black diamond symbols) were 521.2+121.3 and
441.0 +128.4 pm, respectively, while the average YFP spread
was 176.0£57.6 um. These spatial spread data were used to
relate the LFP and AMUA data to the YFP emission by dividing
their spatial spreads, and powers of 0.340 and 0.399 were ob-
tained for YFP-LFP and YFP-AMUA, respectively.

Neural Activity Versus Hemodynamic Changes Evoked

by Forelimb- and Photo-stimulation

The MUA, LFP, OIS, and LDF data obtained for Experiment 2
were used to investigate the relationship between neural
activity and hemodynamic responses. For this experiment, the
electrode was positioned at a depth of 260 pm, and stimulation
was delivered for 4 s at a frequency of 5 Hz every 60 s to evoke
robust hemodynamic responses. A control group was used to
ensure that photo-stimulation alone did not elicit hemody-
namic (or neural activity) changes in ChR2-naive mice due to
unwanted sources such as heating. Photo-stimulation did not
elicit neural or hemodynamic changes in control mice for all

photo-stimulation parameters tested (Figs 44 and 54,B). The
lack of hemodynamic changes from a sample subject is shown
in Figure 44 (top panel) obtained using OIS for the largest
photo-stimulation parameter tested (1 mW, 30 ms). Stimulation
frames (denoted by blue circles) show the photo-stimulated
area via increases in OIS produced the excitation of green fluor-
escent protein (GFP) in control mice, followed by background
gray around the stimulated area. Group data are reported in
Figure 5A4,B for this photo-stimulation parameter set.

Forelimb- and photo-stimulation-evoked similar hemody-
namic responses for the ChR2 experimental group (Fig. 44,
middle and bottom panels), both reaching negative peak in
OIS signal after the stimulation period and returning to base-
line about 20 s after stimulation onset, aside from the evident
OIS signal increase during photo-stimulation produced by
excitation of the YFP coreporter. Forelimb- and photo-stimu-
lation evoked significant increases in both AMUA and LFP
activities (Fig. 4B,C). The AMUA data as a function of depth
from Experiment 1 were used to verify that AMUA at 260 pm is
highly correlated with the average AMUA along depth
(r=0.97, P<0.0001). Forelimb stimulation showed a relatively
large adaptation response during the stimulation period for both
AMUA and LFP, which were also observed for photo-stimulation
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Figure 4. Dynamics of neural and hemodynamic responses to forelimb- and photo-stimulation for 4 s for Experiment 2. (4) Spatio-temporal hemodynamic changes to photo-
stimulation from one control subject (GFP-only mouse) using the CBV-sensitive OIS (top). Photo-stimulation at 1 mW and 30 ms did not elicit detectable hemodynamic changes. In
addition, hemodynamic changes to photo- (middle) and forelimb stimulation (bottom) from one ChR2-YFP subject using CBV-sensitive OIS are also shown. The hemodynamic
response is characterized by darkening of the difference images as seen around 5—7 s after stimulation onset. Bright increases in OIS signal were observed during photo-stimulation
due to the excitation of YFP or GFP. (B) Average changes in MUA across subjects over a trial. (C) Average increases in LFP across subjects during the stimulation period. (D) Average
hemodynamic changes across subjects obtained using OIS over an ROI centered at the insertion point of the metal electrode (green circle in Fig. 1). The average peak time for
photo-stimulation responses was 5.4 and 5.1 s for 30 and 10 ms at 1 m\W, respectively, and 6.1 s for forelimb stimulation. The algorithm used to remove the YFP emission from the
time series was not very effective for the weaker photo-stimuli, and artifactual increases during the stimulation period were observed (e.g. 2ms 1 mW trace). (£) Average
hemodynamic changes across subjects measured by LDFE Note that stronger photo-stimulation also had an impact on the LDF recording as seen by the decreases in the LDF time
series with photo-stimulation onset (e.g. 30 ms 1 m\W trace). P: posterior; L: lateral; MUA: multiunit activity; LFP: local field potential; OIS: optical imaging of intrinsic signal; CBVw:
cerebral blood volume-weighted; LDF: laser Doppler flowmetry; CBF: cerebral blood flow; FL: forelimb; YFP: yellow fluorescent protein; GFP: green fluorescent protein.

responses, particularly those from 30 and 10ms at 1 mW
(Fig. 4B,C). Average increases in AMUA and LFP activities are
shown in Figure 54 (patterned and solid bars, respectively).

OIS time series were obtained from a 100-um circular ROI
centered at the penetration point of the metal electrode (green
circle in Fig. 1). The hemodynamic responses captured by OIS
(CBV) and LDF (CBF) were very similar, as expected (Fig. 4D,
E). Relatively strong photo-stimulation (10 or 30 ms pulses at 1
mW) evoked hemodynamic responses similar in amplitude
and shape to forelimb stimulation (Fig. 4D,E). These average
responses have similar onset and time-to-peak behavior with
minor differences over the offset period of the response. The
shortest photo-stimulation pulse duration (2 ms) evoked rela-
tively small but detectable hemodynamic responses. The
average magnitude of the evoked hemodynamic responses
corresponded well with the energy of the photo-stimulus
(Fig. 5B, solid and patterned bars for LDF and OIS, respect-
ively). The magnitude of the peak amplitudes measured by
OIS and LDF for the different photo-stimulation parameters
were highly correlated (r=—0.85, t=14.1, P<0.001).

A linear relationship was observed between the average he-
modynamic response peak amplitudes (OIS and LDF) and the
average neural activities (LFP and MUA) induced by photo-
stimulation (Fig. 5C,D). The slope of the photo-stimulation
data is summarized in Table 2. All of these neurovascular
relationship fits were significant. For comparison, the slope of
the forelimb data was also calculated (Table 2). The AMUA data
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were noisy and the average changes were used to calculate the
slope for the AMUA versus OIS and AMUA versus LDF data. In
summary, the slope of the neurovascular relationship obtained
from forelimb stimulation data was larger than that obtained
from photo-stimulation data, suggesting that neurovascular
coupling differs between these 2 stimulation pathways.

Spatial Properties of Hemodynamic Responses

The YFP and OIS (hemodynamic) maps obtained from a
sample subject show that the changes observed are roughly cir-
cular in shape, and more importantly, decreasing the photo-
stimulus duration (Fig. 64,B) or the photo-stimulus intensity
(not shown) appeared to decrease the extent of these maps.
Quantification of the diameter of all responses is summarized
in Table 3, and the profile of a subset of these responses is pre-
sented in Figure 6C. The strongest photo-stimulus (30 ms, 1
mW) produced hemodynamic responses similar in spatial
extent to those evoked by forelimb stimulation (blue vs. black
solid line in Fig. 6C).

The average diameter of the YFP emission data was then
used to estimate the diameter of the LFP and AMUA responses
using the previously established relationships (see Fig. 3; LFP =
YFP?3% and AMUA = YFP*3). The average diameter for the
estimated LFP and AMUA responses are also provided in
Table 3. Altogether, these data show that the spatial extent of
hemodynamic responses is larger than that of the estimated
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Figure 5. Relationship between the magnitude of neural activity and hemodynamic responses for Experiment 2. (4) Average changes in LFP (solid bars, left axis) and AMUA
(patterned bars, right axis) due to photo-stimulation using 6 different parameters as well as forelimb stimulation. (B) Average hemodynamic changes measured by LDF (solid bars,
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average of the LFP measure simply reflects of the noise floor of this measurement. (C and D) Scatter plots of the average photo-stimulation-evoked neural activity and hemodynamic
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witht = 4.6 (P < 0.001). The AMUA data were noisy and the average changes were used to calculate a mean slope for AMUA versus OIS and AMUA versus LDF (Table 2). LFP:

local field potential; MUA: multiunit activity; LDF: laser Doppler flowmetry; OIS: optical imaging of intrinsic signal; CBVw: cerebral blood volume-weighted; FL: forelimb.

Table 2
Slope of the neurovascular relationships calculated from the photo- and forelimb stimulation data
for Experiment 2

Photo-stimulation data Forelimb data

0IS (CBVw) LDF (CBF) 0IS (CBVwW) LDF (CBF)
LFP (%/a.u) —0.0034* +0.017* —0.0083* +0.040%
AMUA (%/spike/s) —0.13%" +0.60* —0.21 +185

Note: Slope from linear fits is reported. LFP: local field potential; MUA: multiunit activity; OIS:
optical imaging of intrinsic signal; CBVw: cerebral blood volume-weighted; LDF: laser Doppler
flowmetry; CBF: cerebral blood flow.

*Statistically significant linear relationship (P < 0.05).

LFP and AMUA responses, such that smaller increases in neural
activity in the periphery of the stimulated area appear to evoke
a larger hemodynamic response compared with that elicited in
the center.

The linear or nonlinear spatial properties of hemodynamic
responses were assessed in 2 ways. First, the FWHM of the
average hemodynamic responses was plotted against that of
the estimated LFP and AMUA responses (Fig. 6D). Although
this scatter plot appears to show a slight quadratic component
with increasing LFP or AMUA, these data are well represented
by a linear slope, suggesting that the spatial neurovascular

relationship is linear. Secondly, a spatial model based on an
exponential function was then used to re-evaluate the linearity
of the system producing hemodynamic responses based on 3
inputs: estimated LFP and estimated AMUA spatial responses
as well as YFP emission. In theory, the input to a linear model
(i.e. neural activity—LFP or AMUA) will always predict the
output (i.e. hemodynamic response). Since the model pre-
sented is based on an exponential function, linearity would
require the spread parameter to remain constant regardless of
input. In addition, this spread parameter constitutes the
model’s impulse response function, which represents the
profile of the PSF. The lack of correlation between the diameter
of the inputs and the spread parameter suggests that the neuro-
vascular relationship is likely linear (Fig. 6E). Individual fit of
the model parameters to the hemodynamic radius profile
predicted an average spread parameter of 74.1+77.6pum
for the LFP input, 125.9 +77.8 um for the AMUA input, and
378.4+96.1 pm for the YFP emission input. The FWHM of the
hemodynamic PSF for the estimated LFP, estimated AMUA, and
YFP inputs are 102.7, 174.5 and 524.5 pm, respectively
(Fig. 6F). Note that the hemodynamic PSF for the YFP emission
input may constitute an upper bound since the evoked neural
activity would be at the least constrained to this area. In
addition, since the LFP response was broadest, this input
would require the least amount of spread to represent the
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Figure 6. Relationship between the spatial extent of YFP emission, neural activity, and hemodyamic responses for Experiment 2. (A and B) Spatial extent of the YFP emission and
evoked hemodynamic responses to photo-stimulation in one subject measured by CBV-sensitive OIS. The extent of both YFP (4) and hemodynamic changes (B) appeared to
decrease with decreasing photo-stimulus duration. (C) Average YFP emission (dashed lines) and hemodynamic response (solid lines) spread across subjects to forelimb- and photo-
stimulation. The spatial extent of 3 photo-stimulation parameters is presented. (D) FHWM of the measured YFP emission and the estimated LFP and AMUA responses versus the
FWHM of the hemodynamic response to the photo-stimulation parameters. The LFP and AMUA spread were calculated using the relationship between YFP emission and neural
activity in Figure 3. (E) Plot of the FWHM of the different model inputs (YFP estimated LFP and estimated AMUA) versus the FWHM of their respective estimated hemodynamic
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intrinsic signal; LFP: local field potential; MUA: multiunit activity; FWHM: full-width at half-maximum; IRF: impulse response function.

Table 3

Diameter of forelimb- and photo-stimulation evoked YFP and hemodynamic (OIS) responses as well as the diameter of the AMUA and LFP responses estimated using the YFP data

Photo-stimulation amplitude Photo-stimulation duration YFP diameter (um) 0IS diameter (um) Est. AMUA diameter (um) Est. LFP diameter (um)
1.0 mW 30 ms 464.2 +296.9 1282.9 = 5456 1076.6 1208.7

1.0 mW 10 ms 267.3 =104.9 1076.9 = 619.8 633.9 711.2

1.0 mW 2ms 2236 +=97.0 484.0 + 4320 479.2 537.3

0.5 mW 10 ms 2339 =481 953.0 = 384.5 533.8 598.6

0.25 mW 30 ms 287.6 = 1228 784.0 = 418.8 690.9 775.2

0.25 mW 10 ms 2124 + 884 753.2 = 286.1 460.4 516.2

1.5 mA (FL) 0.3 ms (FL) N/A 1506.2 = 537.6 N/A N/A

Note: YFP and OIS responses for Experiment 2 were acquired using a 4-s stimulation period. The spatial extent of AMUA and LFP activity was estimated using the YFP data from this experiment and the

spatial relationship between YFP and neural activity obtained from Experiment 1.

hemodynamic changes (while the YFP input would require the
most spread).

Discussion

This work examined the neurovascular properties of hemody-
namic responses using an optogenetic mouse model. Electrical
sensory stimulation of the forelimb was used to compare differ-
ences in the evoked neural and hemodynamic responses with
those evoked by directly stimulating Layer 5 pyramidal neurons
via photo-stimulation. The results obtained showed the follow-
ing. First, photo-stimulation evoked spiking activity across corti-
cal layers in a similar fashion to forelimb stimulation, although
the activity originated in different layers. Secondly, similar mag-
nitude and shape hemodynamic responses were induced by
both forelimb- and photo-stimulation, although forelimb-evoked
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neural activity (MUA and LFP) elicited relative to larger hemody-
namic responses. In addition, for a given amount of evoked
MUA or LFP activity, forelimb stimulation elicited a larger
hemodynamic response compared with photo-stimulation.
Thirdly, forelimb- and photo-stimulation produced hemody-
namic responses of similar spatial extent, although forelimb
stimulation responses slightly spanned the furthest average
extent. Altogether, photo-stimulation is able to effectively modu-
late the amplitude and extent of neural activity and hemody-
namic responses. A linear relationship was observed between
the increase in neural activity and the peak hemodynamic
changes. In addition, a linear relationship was also observed
between the spatial extent of estimated neural activity and
measured hemodynamic responses. The FWHM of the estimated
hemodynamic PSFs ranged between 103 and 175pum,
suggesting that spatially localized neural activity produces



hemodynamic responses broadened within this spread range.
This analysis suggests that hemodynamic data may resolve small
neighboring functional areas separated by a few hundred
micrometers.

Electropbysiology of Pboto- Versus Forelimb
Stimulation-Evoked Activity

Several studies have investigated the properties of photo-
stimulation-evoked neural activity in ChR2 mice (Arenkiel
et al. 2007; Wang et al. 2007). In vitro studies have shown that
photo-stimulation evoked currents in ChR2-positive neurons
with very short latencies (few ms) and the number of evoked
action potentials was proportional to the photo-stimulus inten-
sity, reaching saturation at relatively high intensities (Wang
et al. 2007). Similar findings have been reported in vivo from
ChR2-positive neurons where manipulation of the photo-
stimulus duration and intensity effectively modulated the spike
rate (Arenkiel et al. 2007). Laminar measurements of photo-
stimulation-evoked neural activity in ChR2 mice have shown
that the peak spike rate was located around Layer 5, as
expected (Desai et al. 2011).

The results obtained from Experiment 1 are in agreement
with previous work published. That is, the duration and ampli-
tude of the photo-stimulus effectively modulated the MUA and
LFP activities in Layer 5 as well as all other layers. In our study,
the prestimulation MUA baseline was subtracted from the MUA
traces to eliminate resting laminar differences and to facilitate
comparisons with forelimb-evoked spiking activity. If the
resting spike rate is included in the data, the overall spiking
activity is highest at Layers 4-5 for both photo- and forelimb
stimulation, consistent with the published reports in the
rodent somatosensory cortex (de Kock et al. 2007; Oberlaen-
der et al. 2012). It was interesting to observe that 2 ms photo-
stimulation was sufficient to evoke spiking and LFP activity.

Although photo-stimulation could evoke overall laminar
spiking activity that was similar to that evoked by forelimb
stimulation, differences were observed in the laminar onset of
activity. Forelimb stimulation started at Layer 4, quickly contin-
ued to Layer 2-3, and then reached deep cortical layers, as ex-
pected (Armstrong-James et al. 1992). Photo-stimulation
originated in Layer 5, quickly continued to Layer 2-3, and then
quickly continued to Layer 4. Although the activity in Layers 2—
5 is engaged within several milliseconds of initial onset for
both stimulation pathways, it is possible, if not likely, that
differences in the way the circuit is engaged impacts different
cell populations.

The traversal of light in the brain suffers from both attenu-
ation and scatter, which limit the depth and specificity of the
photo-stimulus. This effect is evident in the results from Exper-
iments 1 and 2, where higher energy photo-stimulation
yielded higher neural activity and YFP emission compared
with lower energy photo-stimulation. At the fiber location,
neural activity evoked by a single pulse (Fig. 2D) was well cor-
related with that evoked by 4-s stimulation (Fig. 54) for all
photo-stimuli (»=0.79), and slight deviations from this corre-
lation likely stem from differential neural adaptation effects to
the different stimuli. The results obtained from Experiment 1
as a function of distance were variable and did not show a clear
tendency with respect to the photo-stimulus energy. Inspec-
tion of the LFP and MUA traces as a function of depth showed
sustained activity in Layers 2-5 within 500 pm from the fiber

location for the single-pulse measurements (Experiment 1,
data not shown). However, it is important to note that the
activity observed away from the fiber location (>500 pm from
the fiber location) was mostly restricted to Layer 2-3 (data not
shown), such that the energy of the photo-stimulus is differen-
tially impacting the extent of the neuronal response across this
lamina. This is not unexpected since Layer 2-3 pyramidal
neurons are known to have significant lateral connections. The
spatial extent of the estimated LFP activity was slightly larger
than that of spiking activity, suggesting that the photo-stimu-
lated neural activity and subthreshold depolarizations were
well confined to the activated area. Further electrophysiologi-
cal measurements are necessary to assess the spatio-temporal
neuronal activity properties of this model.

Hemodynamic Responses Evoked by Photo- Versus
Forelimb Stimulation

Hemodynamic responses were evoked by photo-stimulation
(and forelimb stimulation) for all parameters tested. Other
studies have used these mice to examine evoked hemody-
namic responses. In a study by Scott and Murphy (2012),
under similar anesthetic conditions, photo-stimulation for 0.1
and 1.0s (5 ms pulses at 100 Hz) elicited reliable hemody-
namic responses with average CBF amplitudes of about 2.5%
and 5%, respectively, and spatial extent of over 1.5 mm. In
another study by Desai et al. (2011), photo-stimulation for 15-s
(8 ms pulses at 40 Hz) in awake ChR2 mice showed significant
hemodynamic responses extending a distance of about 1 mm
along the surface of the cortex as indicated by changes in
blood oxygen level-dependent fMRI. The hemodynamic
responses elicited by photo-stimulation from Experiment 2 are
in agreement with these studies and support the notion that
higher energy photo-stimulation elicits relatively large hemo-
dynamic responses that extend over 1 mm.

The neural activity elicited by forelimb stimulation in Exper-
iment 2 showed significant adaptation in both MUA and LFP
activities. Nevertheless, this activity produced relatively large
hemodynamic responses, showing differences between the
forelimb- and photo-stimulation neurovascular relationships
(Fig. 5C-F). Photo-stimulation could evoke similar high-
amplitude hemodynamic responses, but it required larger
amounts of MUA and LFP activities, at least as measured in
Layer 2-3. These differences may also stem from laminar differ-
ences in hemodynamic responses, such as larger hemody-
namic responses in Layer 5 with photo-stimulation (Desai et al.
2011). Although our OIS and LDF responses obtained for
Experiment 2 are weighted to superficial layers, these include
significant contributions from Layer 2-3, which was the
location of the measured neural activity. In addition, LDF con-
tains contributions from deeper in the cortex and these
responses were similar to those obtained by OIS, indicating
that laminar differences in hemodynamic responses are not a
major factor behind the different neurovascular relationships.
Another possibility may be differences in the circuits being
engaged by these different stimuli in a way that produces
similar overall laminar activity but with different contributions
from different cell types or populations, potentially impacting
the hemodynamic response. This may be the source of the
different neurovascular relationships obtained for these 2
stimulation pathways.
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The spatial extent of photo-stimulation-evoked hemody-
namic responses was well correlated to that of the measured
YFP emission (r=0.75 at 50% amplitude), though much larger.
This is expected since YFP emission directly represents the
deposition of photo-stimulation and is closely related to the
opening of ChR2 channels. Lower intensity photo-stimulation
away from the fiber, represented by areas with low or no YFP
emission, might be sufficient to elicit subthreshold depolariz-
ations but not action potentials. Nevertheless, hemodynamic
responses spread beyond the neurally active areas. The data
obtained suggest that it may be possible to photo-stimulate
smaller areas by using lower intensity stimulation (i.e. 0.25
mW) and shorter duration photo-stimuli (i.e. 2 ms). The exten-
sive arborization of Layer 5 pyramidal neurons coupled with
the light-scattering properties of brain tissue make it difficult
to practically target an impulse-like spatial stimulus. However,
under the current set-up, it may be possible to stimulate a
smaller circuit by penetrating the fiber, so that low-light inten-
sities can be used to photo-stimulate a smaller population of
Layer 5 ChR2-positive neurons.

Spatial Properties of Hemodynamic Responses

and its PSF

The measured spatial spread of the hemodynamic maps and
YFP emission showed linear behavior with a small quadratic
component for high-energy photo-stimulation. Spatial linearity
of hemodynamic responses has been reported in human
studies over larger scales (mm) using known properties of
visual stimuli (Hansen et al. 2004). Further, linearity over a
smaller scale was verified in our study using a simple linear
model, which enabled the estimation of the hemodynamic PSF
relative to estimated LFP, estimated AMUA, and YFP emission
inputs. It is possible that more evident nonlinear spatial behav-
ior might be observed if a broader photo-stimulation par-
ameter set was used. Nevertheless, this model suggests that the
FWHM of the neuro-hemodynamic PSF ranges between 103
and 175 pm. If the spatial extent of the YFP emission is con-
sidered to be closely related to the photo-stimulated area, then
the upper bound of the hemodynamic PSF may be as high as
525 ym. The maps from Experiment 2 were obtained from
simple prestimulation baseline subtraction, akin to the
mapping of whisker barrels, presenting a simple model to
investigate the spatial properties and extent of hemodynamic
responses. Other studies have investigated the hemodynamic
PSF in the human visual cortex, and widths of 2.3-3.5 mm
have been reported (Engel 1997; Shmuel et al. 2007). To
sharpen the hemodynamic response, differential imaging
methods have been used in humans and animals when stimu-
lation conditions exist that activate different neighboring neur-
onal populations (e.g. left vs. right eye, or 0° vs. 90° orientated
stimuli in the visual cortex; Menon and Goodyear 1999; Cheng
et al. 2001; Duong et al. 2001; Fukuda et al. 2005, 2006; Zhao
et al. 2005; Moon et al. 2007; Yacoub et al. 2008). Differential
mapping removes the larger and common hemodynamic
response induced by multiple stimuli, effectively sharpening
the hemodynamic changes. In humans, differential mapping
of visual stimuli (ocular dominance) yielded a hemodynamic
PSF width of 700 pm (Menon and Goodyear 1999). An animal
study by Duong et al. (2001), used a single-orientation visual
stimulus to calculate the PSF of the hemodynamic response
since it provides a relatively periodic response and a hemody-
namic PSF with an FWHM of 470 pm was estimated. This PSF
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width is within the upper end of the PSF range estimated in
our work. Although the spatial relationship between neural
activity and hemodynamic responses may be different between
forelimb- and photo-stimulation, the findings obtained are
congruent with these studies considering the stimuli used.

The findings from Experiment 2 have several important
implications for hemodynamic studies. The estimated neuro-
hemodynamic PSFs may be used to establish a spatial resol-
ution limit for hemodynamic responses, such that hemody-
namic imaging methods like OIS and fMRI should be able to
resolve small neighboring functional areas separated by a few
hundred microns. These findings also suggest that there is a
distinct vascular regulation unit within this spatial range (103-
525 pm). Interestingly, the average separation between pene-
trating arterioles in the mouse forelimb area was measured to
be about 200 pm (data not shown), suggesting that distinct vas-
cular regulation may exist within this vascular structure. In a
study by Tian et al. (2010) in the rat somatosensory cortex, the
hemodynamic response to forelimb stimulation was initiated
in Layer 4 arterioles and quickly followed upstream along the
parent arterioles. Capillaries also span distances in this range,
but evidence for a prominent capillary role in vascular regu-
lation is still lacking.
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