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Cortical connectivity is embedded in resting state at columnar
resolution
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Abstract

Resting state (RS) fMRI is now widely used for gaining insight into the organization of brain
networks. Functional connectivity (FC) inferred from RS-fMRI is typically at macroscale, which
is too coarse for much of the detail in cortical architecture. Here, we examined whether imaging
RS at higher contrast and resolution could reveal cortical connectivity with columnar granularity.
In longitudinal experiments (~1.5 years) in squirrel monkeys, we partitioned sensorimotor cortex
using dense microelectrode mapping and then recorded RS with intrinsic signal optical imaging
(RS-1SOI, 20 um/pixel). FC maps were benchmarked against microstimulation-evoked activation
and traced anatomical connections. These direct comparisons showed high correspondence in
connectivity patterns across methods. The fidelity of FC maps to cortical connections indicates
that granular details of network organization are embedded in RS. Thus, for recording RS, the
field-of-view and effective resolution achieved with 1SOI fills a wide gap between fMRI and
invasive approaches (2-photon imaging, electrophysiology). RS-1SOI opens exciting opportunities
for high resolution mapping of cortical networks in living animals.
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1. Introduction

Spontaneous brain activity, or resting state (RS), provides a window into the organization of
brain networks (Bullmore and Sporns, 2009). RS is sampled from minutes-long recordings
of electrophysiological or hemodynamic signals that are typically acquired from the whole
brain. Statistical dependencies in the recorded time series are then used to generate
inferences about functional connectivity (FC) and more broadly about network organization.
The capacity for imaging the entire brain non-invasively has propelled fMRI to the forefront
of tools used in the acquisition of RS in both humans and animals (Fox and Raichle, 2007;
Hutchison and Everling, 2012; Buckner et al., 2013). Resting state fMRI (RS-fMRI) now
serves a range of interests from basic research (e.g., cross-species comparisons of brain
networks) to fingerprinting brain pathophysiology (e.g., dementia and autism).

RS-fMRI generally operates on a macroscale (e.g., cortical region). With the exception

of some recent work (Huber et al., 2017; Shi et al., 2017), the contrast and spatial
specificity achieved in RS-fMRI obscure granular details of cortical architecture. This is
notably different from the finer scale (e.g., cortical columns and layers) reported in fMRI
of stimulus-evoked activity (Kim et al., 2000; Chen et al., 2013). Discrepancy between the
effective resolution in the two fMRI paradigms could be related to differences in imaging
protocols. Alternatively, it could reflect inherent limitations on the level of detail that can
be extracted from correlating RS time series. These points can be adjudicated with optical
imaging methods as they provide the signal-to-noise ratio and spatial resolution needed to
map distributed cortical networks in fine detail.

Intrinsic signal optical imaging (ISOI) is an attractive candidate for optical recording

of RS. ISOI measures hemodynamic response and is therefore operationally similar to
fMRI (Grinvald et al., 2000). Findings from resting state ISOI (RS-1SOI) would therefore
translate well to the much more widely used RS-fMRI. Even though information on cortical
layers cannot be retrieved from ISOI, the method is sensitive to the columnar architecture
of cortex. This feature is evident for stimulus-evoked activity in sensory cortex. For
example, the columnar organization of visual cortex is captured with outstanding fidelity
in ocular dominance and orientation preference maps obtained with 1SOI (Bonhoeffer

and Grinvald, 1991; Lu and Roe, 2007). The spatial precision of these two-dimensional
maps suggests that ISOI has the potential to report FC at high resolution, which would
serve many needs. For example, high resolution FC maps would improve site targeting for
electrophysiological recordings and perturbations, refine interrogation of cortical rewiring,
and create opportunities for addressing long-standing questions about correspondence
between FC and anatomical connectivity (Hagmann et al., 2008; Greicius et al., 2009;
Heuvel et al., 2009; Honey et al., 2009; Adachi et al., 2012).

Our objective here was to evaluate whether RS-1SOI can report cortical connectivity at
columnar granularity. To that end, we benchmarked RS-1SOI against methods that are
well-established for revealing cortical connectivity at the desired columnar resolution

or better. Specifically, we compared FC maps from RS-ISOI to anatomically traced
cortical connections and to microstimulation-evoked activation as measured with I1SOI.
We conducted our study in sensorimotor cortex of squirrel monkeys where we could use
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microelectrode mapping to identify cortical areas (i.e., cytoarchitecture) and somatotopy.
We then leveraged the cortical parcellation in guiding seed placement and in quantifying
connectivity maps. Near-perfect correspondence between FC maps and the benchmark
connectivity maps showed that granular details of network organization are embedded in
RS.

2. Materials and methods

2.1. Animals

Experiments were performed on 2 adult male squirrel monkeys (Saimiri boliviensis).
Animals were 4 years old and weighed between 800 and 1200 g. All procedures were
approved by the University of Pittsburgh Institutional Animal Care and Use Committee and
followed the guidelines of the National Institutes of Health guide for the care and use of
laboratory animals.

2.2. Surgical procedures

All procedures and data acquisition were conducted under anesthesia (Table 1). Thirty
minutes before sedation, animals were treated with an antiemetic (Zofran, 0.3 mg/kg, IM)
and Atropine (0.03 mg/kg, IM) to reduce secretions. Ketamine induction (10-15 mg/kg, IM)
was followed with isoflurane (0.5-2.5%) in O, (2-3 L/min). Once sedated, Dexamethasone
(1 mg/kg, IM), Ketofen (2 mg/kg, IM), and Gentamicin (2 mg/kg, IM) were administered to
prevent brain swelling, pain, and infection, respectively. Animals were intubated, artificially
ventilated, wrapped in a heating blanket, and secured in a stereotaxic frame. Fluids (5%
dextrose in Lactated Ringer’s solution, 2—3 ml/kg/hr, 1) were provided continuously. Heart
rate, arterial oxygen saturation, expired CO,, blood glucose, and body temperature were
monitored.

A scalp incision was performed for each procedure. All steps from this point were conducted
with the aid of a surgical microscope. In the first procedure for each animal, a rectangular
window was opened in the skull over frontal and parietal cortex (~25 x 20 mm, Fig.

1G). That window was accessed in multiple subsequent procedures. After a durotomy,
cortical pulsations were stabilized with 3% agarose (Invitrogen, Carlsbad, CA) solution

in physiological saline. Data acquisition proceeded from this point and lasted for several
hours. The agar was removed at the conclusion of data acquisition and an artificial dura
(Tecoflex EG-85 resin, Sakas et al., 1990) was secured into the cranial opening to protect
the exposed cortex. The craniotomy was then sealed with dental cement and the scalp

was sutured closed. The animal was recovered from anesthesia and another dose of the pre-
procedure drugs was administered in addition to Vitamin B12 (0.5 mg/kg, IM). Analgesics
and corticosteroids were administered every 12 h for the following 72 h. Survival procedures
lasted ~14 h from sedation to alertness and terminal procedures lasted ~24 h.

2.3. Monitoring animal state with EEG

Electroencephalogram (EEG) signals were recorded for monitoring animal state. Stainless
steel wires (3 strand, 102 um diameter, AM systems, Sequim, WA) were inserted into
bilateral burr holes near the frontal pole and then secured with dental cement. Wires were
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removed at the conclusion of each procedure. The voltage differential between the two leads
was amplified (10,000x), bandpass filtered (1-500 Hz), and notch filtered (60 Hz) using an
AC Amplifier (Model 2800, AM Systems, Sequim, WA). The filtered signal was visualized
on an oscilloscope, digitized (1000 Hz, NI USB-6008, National Instruments, Austin, TX),
and recorded in MATLAB. Spectrograms and power spectra of the EEG were examined in
MATALB (spectrogramand FFT functions).

Three animal states were classified from temporal and spectral qualities of the EEG. (1)
Light sedation (0.5-1.5% isoflurane) consisted of slow waveforms; suppression was present
in 0-2.0% of the recording. (2) Semi-deep sedation (1.75-2.0% isoflurane) consisted of
slow waveforms with periodic suppression in 2.0-95.0% of the recording. (3) Deep sedation
(2.0-2.25% isoflurane) consisted of suppression in >95.0% of the recording. Most I1SOI
recordings were in the /ight state.

2.4. Motor mapping

We used intracortical microsimulation (ICMS) to map the somatotopic organization of
primary motor cortex (M1) and premotor cortex (Fig. LA-B). A hydraulic microdrive
(Narishige MO-10, Amityville, NY) connected to a Kopf micromanipulator (Tajunga, CA)
was used for positioning a platinum/iridium microelectrode (125 um shaft, 300 kQ median
impedance, MicroProbes, Gaithersburg, MD). Each penetration targeted layer V (1800 um
deep) to deliver microstimulation trains (18 cathodal pulses, 0.2 ms pulse width, 300 Hz
pulse frequency, 1 Hz train frequency) from an 8-channel stimulator (model 3800, AM
Systems, Sequim, WA). Current amplitude was adjusted with a stimulus isolation unit
(model BSI-2A, BAK Electronics, Umatilla, FL) until a movement was evoked and up

to a maximum of 150 pA. Threshold for a site was the minimum current amplitude that
evoked movement on ~50% of microstimulation trains. Combining ketamine infusion (3-6
mg/kg/hr) with low doses of isoflurane (<0.5%) was central to maintaining a state in which
ICMS reliably evoked movements.

Two to three experimenters evaluated the evoked movements. Only one experimenter was
not blind to the microelectrode location. Each ICMS site was classified according to joint
(digit, elbow, etc.) and movement type (e.g., flexion, extension, etc.) that showed the

most robust effect at the lowest current amplitude. Mapping was completed over several
procedures (30-60 ICMS sites/procedure). Distance between ICMS sites was typically <1
mm. Sites were recorded on a high-resolution photo of cortex. Color coded maps were
generated in MATLAB using a Voronoi diagram (voronoi function) constrained to 1.0 mm
radius per site. Rostral and caudal M1 borders were estimated from current thresholds (=80
WA, distance from central sulcus, and in relation to area 3a (described next).

2.5. Somatosensory mapping

We recorded multi-unit activity to map the somatotopic organization of somatosensory
cortex (Fig. 1C-D). A tungsten or a platinum/iridium microelectrode (125 um shaft, 420

kQ median impedance) was lowered to layer IV (700-800 um deep). Distance between

sites was typically <1 mm. Signal was amplified (10,000x) and filtered (bandpass 300-5000
Hz, notch 60 Hz) using an AC amplifier (Model 2800, AM Systems, Sequim, WA). The
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signal was then passed through a 50/60 Hz noise eliminator (HumBug, Quest Scientific
Instruments Inc., Vancouver, BC) and monitored with an oscilloscope and a loudspeaker.
Receptive fields were determined from neural responses to stimulation of the contralateral
body. Responses were classified as cutaneous or proprioceptive. Units in areas 3b and 1
responded to cutaneous stimulation and had relatively small receptive fields (e.g., single
digit phalanx). In contrast, units in area 3a were unresponsive to skin contact and responded
only weakly to the manipulation of multiple joints (e.g., entire digit or multiple digits).
Area 2 contained a mixture of units that responded to joint manipulation or cutaneous
stimulation. Cortical borders were estimated from transitions in receptive field properties
along the rostro-caudal dimension (Sur et al., 1982). Somatosensory maps were generated
with Voronoi diagrams as described above.

2.6. Intrinsic signal optical imaging

We used intrinsic signal optical imaging (1SOI) to measure resting state (RS) and ICMS-
evoked activation. Images of cortex were acquired with a camera (Photon Focus, Lachen,
Switzerland) based on a 12-bit CMOS sensor (1312 x 1082 pixels). An optical imaging
system (Imager 3001, Optical Imaging Ltd, Rehovot, Israel) controlled image acquisition.
The tandem lens combination provided a field-of-view (~26 x 22 mm; ~19 um/pixel) that
included the microelectrode mapping territory as well as 2-3 mm of skull around the
perimeter. Camera angles were adjusted with a 3-axis geared head (410 Junior Geared
Tripod Head, Manfrotto, Cassola, Italy). Camera position (X, y, and z directions) was
translated with independent linear stages. For spatial reference, blood vessel patterns were
imaged (528 nm illumination) at the start of each ISOI recording. Three independently
controlled LEDs (620 nm) provided illumination during 1SOI.

2.7. Resting state

2.7.1. Image acquisition and processing—Spontaneous cortical activity was
recorded with ISOI for 15 min. Frames were temporally binned to 10 Hz. The raw time
course and power spectrum for the entire field-of-view (FOV) was examined for initial
assessment of image quality. Segments of data were excluded if there was evidence of
artifact, which was typically due to illumination instability, animal state fluctuations, or
setup vibrations. The remaining frames were spatially binned by a factor of 3 (from ~19
pum/pixel to ~58 pm/pixel).

Image processing was conducted in both the temporal and spatial domains using MATLAB
scripts. (1) Frames were temporally binned from 10 Hz to 2 Hz for de-noising and to speed
up computation in subsequent steps. (2) A moving median filter (2 s window) smoothed

the time course of each pixel to minimize noise. (3) First-frame subtraction converted pixel
values to reflectance change (AR/R%) from baseline. (4) A high-pass filter (Butterworth, 3rd
order, cutoff 0.005 Hz) was applied to each pixel to minimize the effects of illumination
drift. (5) Multiple linear regression was used to remove nuisance signals from the time
course of each pixel. This step minimized the effects of global signals, blood vessel activity,
and residual artifact. The most effective regressors were groups of pixels that overlapped
the skull or major blood vessels. To identify those pixels, principal component analysis
(PCA) and k-means clustering were iteratively applied until we accounted for 85-90% of
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the variance in pixel values overlapping skull and blood vessels. This was achieved with 5-6
clusters of pixels over the skull and 5-6 clusters of pixels over major blood vessels. For each
cluster, the average time course of all pixels was used as a regressor in the multiple linear
regression. The average time course for all visible cortex was used as an additional regressor,
which is similar to global signal regression in RS-fMRI (Murphy and Fox, 2017). (6) Frames
were then spatially filtered for smoothing (gaussian kernel = 2 pixels or 120 pm radius). (7)
Each time course was bandpass filtered (Butterworth, 3rd order, 0.01-0.10 Hz) to hone in on
infra-slow signals (Cordes et al., 2001). The effects of each processing step are shown for
representative sites (Supp. Figs. 1-2).

2.7.2. Functional connectivity maps—Functional connectivity (FC) was measured
from seeds in individual 1SOI recordings. A seed (radius = 4 pixels, ~232 um) was defined
as a cluster of pixels. The time courses of those pixels were averaged with weighting
towards the center (Gaussian, sigma = 0.5) to generate one time course for the seed. The
seed time course was correlated (Pearson) with time courses of all other pixels. Coefficients
were then regressed as a function of distance from the seed to correct for the effect of
distance on correlation strength. Pixels were color coded according to coefficient values to
generate an FC map. This process was repeated for every seed available in the FOV and

for every ISOI recording (Table 1). FC maps from the same hemisphere and seed were
co-registered (details in common reference registration) and then averaged for de-noising.
Pixels were flagged if their coefficients had a distribution >zero (unpaired t-test, p < 0.001).
The statistical analysis was applied only to pixels that were present in =10 recordings.
Average FC maps were thresholded by excluding non-flagged pixels.

2.8. ICMS-evoked activation

2.8.1. Image acquisition and processing—ISOI was used to measure ICMS-evoked
activation from select cortical sites. Procedure details were previously described (Card and
Gharbawie, 2020). A microelectrode (platinum/iridium, 125 pm shaft) was lowered 1000
pum below the cortical surface. Each site was tested on =50 blocks; one ICMS trial and one
Blank trial (i.e., no ICMS) per block. Image acquisition was 4 s/trial followed by 12-second
inter-trial interval. Frames were temporally binned to 5 Hz. The stimulation train consisted
of 150 biphasic pulses, 0.2 ms phase width, 300 Hz pulse frequency, and 60 pA current
amplitude. Microelectrode impedance was comparable at the start (median = 240 kQ) and
end of each experiment (median = 320 kQ). Microstimulation parameters were based on

a systematic investigation of the effects of train duration, frequency, pulse amplitude, and
electrode depth on ICMS-evoked activation (figure 9 in Card and Gharbawie, 2020). With
the exception of the relatively low current amplitude used here, the present microstimulation
parameters were consistent with other studies that measured the ICMS-evoked response
with ISOI (Stepniewska et al., 2011; Friedman et al., 2020a), or with fMRI (Tolias et al.,
2005; Ekstrom et al., 2008; Moeller et al., 2008; Klink et al., 2021), or from movement
classification (Graziano et al., 2002; Stepniewska et al., 2005; Baldwin et al., 2016).

ISOI data was processed and analyzed using custom MATLAB scripts. Two image
subtractions were applied to minimize global signals. (1) In every trial, the first data frame
was subtracted from subsequent frames. (2) In every block of trials, frames of the Blank

Prog Neurobiol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Card and Gharbawie

Page 7

condition were subtracted from frames of the ICMS condition. Next, 2-3 data frames

from ICMS minus Blank (1000-1600 ms from stimulation onset) were averaged for every
trial. Those mean frames were then used for generating average subtraction maps. Maps
were spatially filtered to correct uneven illumination (high-pass median filter, kernel = 250-
350 pixels or 5-7 mm) and for smoothing (low-pass Gaussian filter, kernel = 10 pixels

or 190 um). To enhance contrast, the distribution of pixel values was clipped (median +

1.5 SD). In the final subtraction maps, dark pixels indicated reflectance change due to
oximetry modulations from local increases in neural activity. Dark pixels therefore reported
ICMS-evoked activation.

2.8.2. Effective connectivity maps—Mean frames from ICMS trials were compared
on a pixel-by-pixel basis to mean frames from Blank trials (paired t-test). Pixels that
darkened (left tail, p < 0.001) in response to ICMS were included in EC maps.

2.9. Anatomical connectivity

2.9.1. Tracer injections—Retrograde and anterograde tracers were injected in cortical
sites to examine their anatomical connectivity (AC). Injections were in a subset of sites in
M1, PMd, and PMv that had been investigated with ICMS+ISOI. Tracers were pressure
injected using Hamilton syringes fitted with a beveled glass pipette. For each site, tracer was
injected 700 pm and 1400 um below the cortical surface. Four tracers were used: (1) Cholera
toxin B subunit (CTB, SigmaMillipore). (2) Biotinylated dextran amine 1:1 mixture of 3,000
MW and 10,000 MW (BDA, ThermoFisher Scientific). (3) Dextran tetramethylrhodamine
3,000 MW, commonly known as fluoro ruby (FR, ThermoFisher Scientific). (4) Fast blue
(FB, Polysciences). Total volumes were 0.4 uL for FB (2% in dH,0), 0.8 uL for FR (10%

in dH,0), 0.6 uL for CTB (1% in dH,0), and 0.8-1.5 uL for BDA (10% in dH,0). After
12-13 days of tracer transport, a terminal experiment was conducted for additional 1SOI
recordings and microelectrode mapping. Also, microlesions were made (5 pA DC) to create
salient landmarks for co-registering histological sections, ISOI maps, and microelectrode
maps.

2.9.2. Histology—After a lethal dose of sodium pentobarbital (Fatal Plus, Vortech),
intracardial perfusion proceeded with PBS (pH 7.4), followed by 2% paraformaldehyde

in PBS, and then 2% paraformaldehyde in PBS with 10% sucrose solution. Cortex was
separated, flattened, and blocked >5 mm beyond the imaging FOV. Two glass slides held

the cortex flat during fixation (4% paraformaldehyde, ~24 h) and cryoprotection (30%
sucrose, ~48 h). Cortex was then cut parallel to the surface and sections (50 pm) were

stored in series. One series was reacted in a nickel-intensified DAB (diaminobenzidine
dihydrochloride) to visualize BDA labeling. A separate series was reacted for CTB
immunohistochemistry and labeled cells were visualized with a nickel-intensified DAB
reaction (Bruce and Grofova, 1992). A DAB and alkaline phosphate reaction was carried out
in the same series to visualize BDA labeling. A third series was mounted onto slides without
processing for examination of fluorescent labeling.

2.9.3. Section plotting—Sections were examined with a microscope (Eclipse E600,
Nikon, Minato City, Tokyo, Japan) outfitted with a motorized stage and x,y encoder
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(MAC5000 PS-SYSTEM 73005020, Ludl Electronic Products, Hawthorne, NY). FR-labeled
cells were visualized with fluorescence illumination passed through a TRITC HYQ filter
(excitation: 530-560 nm, emission: 590-650 nm) and FB-labeled cells with a UV-2E/C filter
(excitation: 340-380 nm, emission: 435-485 nm). BDA-labeled and CTB-labeled cells were
visualized with bright-field illumination. Cells and landmarks (microlesions, injection sites,
sulci, blood vessels, tissue artifacts) were plotted using Neurolucida software (version 6.0,
MBF Bioscience). For each injection, cells were plotted from 4 to 8 sections (>200 um
between sections).

2.9.4. Anatomical connectivity maps—Neurolucida files were converted into DXF
format (AutoCAD version 23.1, Autodesk, San Rafael, CA) with x,y coordinates for plotted
cells and landmarks. DXF files were loaded into Adobe Illustrator (Mersion 25.3, Adobe,
San Jose, CA) and then copied into Adobe Photoshop (Version 21.1.0, Adobe, San Jose,
CA). Sections from the same injection were co-registered then labeled cells were counted

in circular bins (diameter 10-20 pixels, 190-380 pm). Bin diameter increased with distance
from the injection site (~8 pm/mm) as a correction step that approximates the distance
regression applied in FC maps. Cell counts were summed across corresponding bins and
collated into a single section. The value at each bin was expressed as a percentage of the
total number of labeled cells to generate an anatomical connectivity (AC) map.

2.10. Common reference registration

The common reference for each hemisphere was a high-resolution, high-contrast image of
the cortical blood vessels. Microelectrode penetrations, microlesions, and tracer injections
were marked on that image. ISOI frames were co-registered to the common reference using
non-linear bicubic transformation for 300-600 points. Co-registration was conducted with

a custom MATLAB script and a script from the MATLAB file exchange [B-spline Grid,
Image and Point based Registration, Dirk-Jan Kroon, 2021]. Histological sections were
co-registered to the common reference using the same approach and the Puppet Warp feature
in Adobe Photoshop (Version 21.1.0, Adobe, San Jose, CA).

2.11. Statistical analyses

Statistical tests were performed using SPSS and MATLAB. Parametric tests were

used wherever assumptions about the distribution were satisfied (e.g., normality and
homoscedasticity). Normality was tested using the Kolmogorov—-Smirnov test and
homoscedasticity was tested using Levene’s test. Non-parametric tests were used if
assumptions were not satisfied. For one- or two-sample comparisons, either a t-test or a
Wilcoxon rank-sum test was performed. For comparisons across >2 parametric populations,
a one-way ANOVA was used with a post hoc Tukey’s HSD test. For comparisons across

>2 non-parametric populations, a Kruskal-Wallis test was performed with a post hoc Dunn’s
test. For all tests, a significance level of a = 0.05 was used. Bonferroni correction was
applied where appropriate. Significance conventions in figures: *p < 0.05, **p < 0.01, ***p
<0.001.
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3. Results

We recorded resting state with intrinsic signal optical imaging (RS-SOI) and compared the
functional connectivity (FC) against well-established benchmarks of cortical architecture.
RS-1SOI was recorded in monthly experiments conducted over ~1.5 years (e.g., video

1). Our testbed was the squirrel monkey sensorimotor cortex where we could rely on
microelectrode mapping for comprehensive cortical parcellation. We generated functional
connectivity (FC) maps for seeds throughout the FOV. In the same sites, we also mapped (1)
effective connectivity (EC) using intracortical microstimulation + 1SOI and (2) anatomical
connectivity (AC) using tracer injections. Quantitative comparisons showed excellent
correspondence between FC maps, EC maps, and AC maps.

Supplementary material related to this article can be found online at doi:10.1016/
J-pneurobio.2022.102263.

3.1. Consistent cortical parcellation with microelectrode mapping

We used high density microelectrode mapping (<1 mm between sites) to define cortical
borders and somatotopy in motor and somatosensory cortex. The somatotopy of motor (Fig.
1A-B) and somatosensory (Fig. 1C-D) maps was consistent between monkeys and followed
a medial-lateral organization (leg to face) that is well-established for New World monkeys
(Welker et al., 1957; Merzenich et al., 1978; Gould et al., 1986; Padberg et al., 2005; Mayer
et al., 2019). Criteria for estimating cortical borders included current thresholds, receptive
field properties, and distance to central sulcus.

The forelimb representation occupied most of the motor territory. Within the M1 forelimb
representation, hand zones (digit and wrist) were surrounded by arm zones (elbow and
shoulder), which is consistent with previous work (Dancause et al., 2008; Card and
Gharbawie, 2020). PMv and PMd contained independent hand zones (Fig. 1A-B) and the
PMd hand zone was surrounded by an arm zone. Motor and somatosensory maps were
merged into a single map (Fig. 1E-F). We used the amalgamated maps to parcellate cortex,
place seeds, and quantify connectivity maps. The size of the responsive cortical territory was
similar between animals (monkey R = 236.7 mm?2 & monkey B = 221.4 mm?2). Zones in

the middle of the map (i.e., hand, arm, and trunk zones) were consistent in size between
animals, whereas zones on the perimeter (i.e., leg, tail, face) were more variable (Fig. 1H).
Discrepancy between middle and perimeter was likely related to the extent of microelectrode
mapping as opposed to differences between animals.

To assess map stability, a subset of sites was retested months after initial classification. Each
retest occurred < 250 um from the original site. Most of the retested motor sites (32/37 sites,
86.5%) had the same classification at both time points (267 £ 151 days apart, 193 + 55 pm
apart, mean + SD). Similarly, most of the retested somatosensory sites (12/14 sites, 85.7%)
had the same classification at both time points (189 + 118 days apart, 195 + 53 um apart,
mean + SD). This sample of retested sites (5.7% of total sites) confirmed that maps were
stable enough for reliable cortical parcellation.

Prog Neurobiol. Author manuscript; available in PMC 2023 June 01.
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3.2. Measuring functional connectivity from RS-ISOI

In a representative RS-1SOI recording (video 1), we placed the seed in the PMv hand zone
(Fig. 2A, blue circle, 232 um radius). We targeted this zone because its connections include
nearby, tightly spaced patches in M1 and PMd, as well as 1 or more distant patches in area
2. We considered this constellation of patches a high benchmark for evaluating RS-1SOI in
mapping connectivity. For initial inspection of the site, signals were processed in the spatial
and temporal domains (Fig. 2B top vs bottom; Supp. Fig. 1 & Fig. 2). Then we flagged
frames in which reflectance change at the seed darkened =1.5 SD beyond the mean value of
the time course (Fig. 2B bottom, red line). Averaging flagged frames revealed dark patches
in M1, PMd, 3a, 2, and at the seed in PMv (Fig. 2C arrowheads). The locations and sizes of
the patches were consistent with cortical connections from tracer studies (Dum and Strick,
2005; Dancause et al., 2006b; Stepniewska et al., 2006; Gharbawie et al., 2011b; Hamadjida
et al., 2016). Thus, credible reports on cortical connectivity can be extracted from RS-1SOI
time series.

To quantify co-fluctuations in the time series, we conducted pairwise correlations (Pearson)
between the seed time course and the time courses of all other pixels. The map of correlation
coefficients had hot spots (Fig. 2D) that were in the same locations as the dark patches in
Fig. 2C. We compared time courses from 3 regions-of-interest (ROI) with the seed time
course (Fig. 2D, colored circles). (1) Coupling between the time courses from the red ROI
and the seed was confirmed with tight positive correlation (p = 0.67, Fig. 2E-F top). (2)
Time courses from the orange ROI and the seed had no discernible relationship (p = 0.02,
Fig. 2E-F middle). (3) Time courses from the green ROl and the seed were consistently

out of phase, which was confirmed with strong negative correlation (p = -0.53, Fig. 2E-F
bottom). Similar observations are in Video 2.

Supplementary material related to this article can be found online at doi:10.1016/
j-pneurobio.2022.102263.

Next, we investigated the optimal duration for recording RS-I1SOI. FC quality and stability
improves with imaging duration (Birn et al., 2013), but the gain is at the expense of
processing time due to computational overhead. This motivated us to find the point at which
gains from imaging duration begin to diminish. To that end, we acquired RS-1SOI for 30 min
in 4 separate recordings (2 recordings/animal). Each recording was segmented according

to 16 different durations. For example, 30 x 1-min segments, 15 x 2-min segments, 10

x 3-min segments, etc. Seeds were then systematically placed throughout the FOV (Fig.
3A) to generate FC maps from each segment. Maps from equal segments were directly
compared to one another (Pearson correlation). For example, a map from a 1-min segment
would have been compared to 29 maps from the remaining 1-min segments. Fig. 2G

shows representative comparisons (top vs. bottom). Correspondence between FC maps
improved with segment duration, which was confirmed with higher correlation coefficients.
Comparisons from all seeds and imaging runs indicated that FC maps from the 15-min
segments were robust (p = 0.80, Fig. 2H). Correspondence between FC maps decreased (p
= 0.73) in the 10-min segments, but the drop was more substantial for shorter segments (p
=0.59 at 5 min; p = 0.38 at 2 min; p = 0.15 at 0.5 min). We therefore considered 15-min
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the optimal duration and used it as the standard in all subsequent RS-1SOI recordings, which
was consistent with previous RS-I1SOI recordings (White et al., 2011; Vasireddi et al., 2016).

3.3. Functional connectivity is consistent across months

Our next objective was to evaluate FC map consistency across ISOI recordings (14-16
months apart). We generated FC maps for each recording from a grid of seeds (Fig.

3A; 1 map/seed/recording) and then conducted 3 sets of pairwise correlations (Pearson)
between maps. (1) Comparisons (n = 68,062) in matched sites indicated variation in FC
maps across recordings (p = 0.49 + 0.21). Nevertheless, after thresholding each map

to coefficients =0.25= 0.25 and redoing the comparisons, it was evident that FC maps

were in fact consistent across recordings (p = 0.80 + 0.13). For reference, we found no
correspondence (p = 0.02 £ 0.32) between FC maps from non-matched sites (n = 1,483,451
comparisons). Thus, thresholded FC maps were spatially specific and consistent across
months of recordings.

We reasoned from these results that averaging FC maps from the same seed could be

an effective denoising step. Indeed, the effect of averaging was evident in a side-by-side
comparison of an FC map from 1 recording and an FC map averaged from 13 recordings
(Fig. 3B-C). Seed (white dot) location in PMv matched Fig. 2. Pixels with high coefficients
(orange-red) were consistent in the individual and average FC maps. In contrast, pixels with
low coefficients (white-yellow) occupied more territory in the individual FC map. These
observations confirmed that the relatively strong features of an FC map were stable over
time.

Observations from Fig. 3A—C motivated us to average and threshold FC maps. For
thresholding, we included only pixels with coefficient distributions >zero (one-tailed t-test, p
< 0.001) in order to exclude noisy pixels and low-coefficient pixels. As expected, averaging
and thresholding the map in Fig. 3B resulted in a cleaner iteration (Fig. 3D) that was also
consistent between animals (Fig. 3E). For context, we superimposed cortical borders and
shaded in the hand (green) and arm (blue) zones. In both animals, significant pixels were
concentrated in hand zones and to a much lesser extent in arm zones. Only a small fraction
of significant pixels was outside of the forelimb zones. Beyond the seed location in PMy,
significant pixels were most concentrated in M1, 3a, and area 2. Pixels were sparse and

had weaker coefficients in PMd, area 3b, and area 1. Fig. 3F summarizes the connectivity
profiles in Fig. 3D-E. To simplify the plots, cortical areas were grouped by modality: (1)
motor (M1, PMd, PMv), (2) somatosensory (areas 3a, 3b, 1, and 2), and (3) area 5. FC
quantification relative to functional zone (e.g., motor hand) was based on the number of
significant pixels and their coefficients. As expected from Fig. 3D-E, the polar plot showed
that FC was stronger with hand zones than with arm zones. FC was also stronger with
motor fields than with somatosensory fields. Finally, cosine similarity (CS, detailed below)
confirmed that the FC profile for this site was consistent between animals (CS = 0.94).

We also tested the effects of averaging and thresholding on an FC map of a completely
different profile. Seeds were placed in the representation of digit 2 in area 3b (Fig. 3G-H).
Most significant pixels were in hand zones, which was apparent in the polar plot. Those
pixels were concentrated in somatosensory areas 3b, 1, and to a lesser extent in areas 3a
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and 2. Beyond somatosensory cortex, significant pixels were present in M1 hand and PMv
hand, but to different extents between animals. The overall distribution of significant pixels
was consistent between animals (CS = 0.99) and with previous tracer injections into digit
representations in areas 3b and 1 (Liao et al., 2013; Négyessy et al., 2013). Thus, our FC
maps for PMv and area 3b indicate that averaging and thresholding reveals connectivity
patterns that are consistent between animals and with known anatomical connections.
Averaging and thresholding were therefore implemented in all subsequent analyses.

3.4. Functional connectivity corresponds with effective connectivity

Our next objective was to benchmark FC against ICMS-evoked activation [i.e., effective
connectivity (EC)], which was a surrogate here for stimulus-driven activity and for
anatomical connectivity. ICMS afforded us control over stimulus parameters and the
capacity to test many sites. We evaluated correspondence between FC and EC maps on
three metrics: (1) Cosine similarity (CS) measures the extent to which both maps overlap
the same functional zones. CS ranges from 0 to 1 (no similarity to perfect similarity). (2)
Mean separation (MS) measures the average distance between pixels in both map. Low MS
indicates high spatial coincidence between maps. (3) Goodness of fit (GOF) combines CS
and MS (Egs. (1) & (2)). MS is first normalized by the max separation recorded (i.e., worst)
between any pair of maps /. GOF ranges from 0 to 1 (perfect similarity to no similarity).

MS L= ﬂ 1
norm, i MS, o
1-CS;+ MS i
GOFi _ i norm, i @

2

We compared FC and EC maps in two representative sites (Fig. 4A-H). In one site (Fig.

4A, white dot), the stimulating microelectrode was in the same PMv location as Fig. 2 &
Fig. 3. The average optical image showed that ICMS activated a main patch around the
microelectrode and smaller patches in M1, PMd, and areas 3a and 2 (Fig. 4A, arrowheads).
To generate an EC map, we flagged pixels that darkened significantly in the ICMS condition
as compared to the blank condition (t-test, p < 0.001). Significant pixels were then ranked
according to their AR/R values (Fig. 4B). The same scale was applied to the average FC map
from the same site (Fig. 4C). The FC map was also thresholded at several cutoffs (min p <
1071, max p < 1077) and we selected the one that achieved the best GOF with the EC map.
Correspondence between FC and EC maps was apparent in the side-by-side comparison
(Fig. 4B-C) and in the polar plot (Fig. 4D). The three metrics of overlap (CS =0.99; MS =
0.04 mm; GOF = 0.01) showed a near-perfect fit between FC and EC maps for this site. In
another site, the microelectrode was in area 1 arm zone (Fig. 4E, white dot). Correspondence
between FC and EC was apparent in the maps (Fig. 4F-G) and polar plot (Fig. 4H). The
three metrics of overlap (CS = 0.97; MS = 0.06 mm; GOF = 0.03) confirmed the fit between
FC and EC maps. Thus, observations from two sites indicated that FC maps overlapped
exceptionally well with EC maps.
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We expanded comparisons between FC and EC maps to 48 sites across monkeys (Fig.
41-J). We compared FC and EC maps from matched sites and from non-matched sites.
CS values were highest (i.e., best) for matched sites and decreased with differences in site
identity (Fig. 4K). Site pair category had an effect on CS values (Fig. 4K, Kruskal-Wallis
test, H(3) = 484.43, p < 0.001) and pair categories differed from one another (Dunn’s test,
p < 0.001). Similarly, MS values were lowest (i.e., best) for matched pairs and increased
with differences in site identity (Fig. 4L). Pair category had an effect on MS values (Fig.
4L, Kruskal-Wallis test, H(3) = 375.38, p < 0.001) and pair categories differed from one
another (Dunn’s test, p < 0.001). The effects in CS and MS were also evident in the GOF
(Fig. 4M, Kruskal-Wallis test, H(3) = 512.55, p < 0.001). Our observations indicate that
correspondence was high between FC and EC maps. Moreover, lack of overlap between
maps from non-matching sites suggests that somatotopy was a governing factor of the
connectivity, which is consistent with previous reports on the FC of the “somatomotor
network™ (Yeo et al., 2011; Thomas et al., 2021).

The main patch that surrounded each site accounted for ~50% of significant pixels in FC
and EC maps (Fig. 4N). This motivated us to examine whether correspondence between

FC and EC maps was skewed by overlap in the main patch in both maps. We therefore
excluded pixels within 2 mm of each site, which effectively removed the main patch in most
sites. We then repeated the comparisons between FC and EC maps (Fig. 40). Excluding the
main patch had no effect on the statistical relationships observed in Fig. 4M, which points
to universal overlap between FC and EC maps as opposed to heavy weighting in the main
patch. The results in Fig. 4 showed that FC maps reliably reported the spatial organization
and strength of site connectivity.

3.5. Mapping anatomical connectivity with tracer injections

Our next objective was to benchmark FC against AC revealed with tracers. We also
compared EC to AC to calibrate our assumptions about using EC as a surrogate for AC.
First we review results from the tracer injections (n = 5; Fig. 5A & G) and affiliate AC maps.
M1 (n = 2) and PMd (n = 2) injections were in arm zones and were in similar locations

in both animals. The PMv injection was in the hand zone. After tracer transport, cortex
was flattened and cut tangentially to facilitate co-registration with the common reference.
Injection sites were apparent from tissue artifact and tracer uptake (e.g., Fig. 5B). For every
section, the locations of labeled cells (e.g., Fig. 5C) and landmarks were plotted. Sections
were collated (e.g., Fig. 5D, n = 8 sections) then converted into a heat map (Fig. 5E), which
is considered the AC map. For a BDA injection in caudal M1, the AC map showed that
most labeled cells were concentrated in M1 followed by areas 3a, 1, 2, and PMd (Fig. 5E).
Most labeled cells were in arm zones (blue shade). Cells in hand zones were primarily in
M1. Quantification of the heat map indicated that >60% of labeled cells were in arm zones
and only ~20% of labeled cells were in hand zones (Fig. 5F). This connectivity profile was
confirmed in the second animal with a FR injection into the M1 arm zone (Fig. 5H-I). The
higher proportion of cells labeled in trunk zones was likely due to the relatively medial
location of the present injection as compared to the first M1 injection (Fig. 5A).
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Connectivity profiles for PMd and PMv were distinct from those of M1. For example, CTB
injection in PMd (Fig. 5G) labeled cells in PMd, M1, and PMv (Fig. 5J). Somatosensory
areas 3a and 3b were almost devoid of labeled cells, but areas 1 and 2 contained small
patches of labeled cells. More labeled cells were in area 5 than in anterior parietal cortex.
Cells in motor areas were distributed equally between arm and hand zones (Fig. 5K). In
contrast, cells in parietal cortex were in arm zones only. This connectivity profile was
confirmed in the second animal (Fig. 5A, FB). The main difference was that the second
injection (Fig. 6A-B) labeled more cells in area 3a and fewer cells in areas 1 and 2. Finally,
BDA injection in PMv (Fig. 5G) labeled cells in PMv, M1, and PMd (Fig. 6G—H). Cells

in parietal cortex were in areas 3a, 2, and 5. Overall, most cells were in hand zones. M1
contained the smaller proportion of cells that were in arm zones. The connectivity profiles
observed here for M1, PMd and PMv were consistent with previous reports in New World
monkeys (Dum and Strick, 2005; Dancause et al., 2006a, 2006b; Stepniewska et al., 2006;
Gharbawie et al., 2011a). The present AC maps are therefore reliable benchmarks for
comparing FC and EC maps.

3.6. Functional and effective connectivity correspond with anatomical connectivity

For each tracer injection site, we compared FC and EC maps with AC maps. In two
representative sites (Fig. 6A-L), correspondence was evident between the three maps and
polar plots. The three overlap metrics indicated high correspondence between FC and AC
maps from matched sites (Fig. 6M). For reference, the same metrics indicated poor overlap
between FC maps and AC maps from non-matched sites (Fig. 6M). A two-sample t-test
confirmed that overlap values were better for matched pairs than for non-matched pairs;
CS: t(11) = -4.62, p < 0.001; MS: t(11) = 3.92, p < 0.001; GOF: t(11) = 4.52, p < 0.001.
Similarly, overlap metrics for EC and AC maps were better for matched sites than for
non-matched sites (Fig. 6N; CS: t(11) = -5.04, p < 0.001; MS: t(11) = 4.98, p < 0.001;
GOF: t(11) =5.37, p < 0.001). Thus, Fig. 6 shows that RS-1SOI and ICMS+ISOI both reveal
cortical connectivity with the same reliability and accuracy as tracer injections.

3.7.  Animal state affects functional connectivity

FC is successfully mapped under anesthesia (Vincent et al., 2007; Mohajerani et al., 2010;
Wang et al., 2013; Hutchison et al., 2014; Hori et al., 2020a). However, FC quality is
susceptible to sedation depth (Hori et al., 2020b; Hutchison et al., 2014; Liu et al., 2013a—
c). This motivated us to investigate the relationship between animal state as determined
from intracranial EEG patterns and FC quality. To that end, we adjusted the isoflurane
dosage to achieve 3 distinct states for RS-1SOI recordings. Each state was examined in =3
RS-ISOI recordings (Table 2). The average power spectrum from EEG recordings under
deep sedation indicated that power was attenuated across frequencies (Fig. 7B). In contrast,
the power spectrum from semi-deep sedation was shifted just below the power spectrum
from light sedation. Examination of the time series showed that the burst phase in semi-deep
sedation had a comparable power spectrum to /ight sedation. Thus, periodic suppression
drove the downward shift observed in the power spectrum from semi-deep sedation (Fig.
7B).
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The relationship between sedation depth and FC is illustrated for two representative sites
(Fig. 7C—H). Sedation depths were tested in successive recordings in the same experiment.
In light sedation, FC maps had well-defined patches of high correlations (Fig. 7C & F). Seed
placement in the M1 arm zone (Fig. 7C) revealed an FC map that was consistent with the
AC map that we reported in Fig. 5E and with previous work (Stepniewska et al., 1993).
Similarly, the FC map that we generated for the area 3b digit zone was consistent with

the connection patterns of single digit representations (Liao et al., 2013; Négyessy et al.,
2013). FC map quality degraded in the other states. In semi-deep sedation, patches were less
intense and some disappeared altogether (Fig. 7D & G). Nevertheless, the overall patterns
were recognizable as weaker versions of Fig. 7C & F. In deep sedation, distant patches
disappeared completely and FC maps were unrecognizable (Fig. 7E & H). Decay in map
quality was transient as the original FC patterns were restored once EEG readings indicated
return to /ight sedation. To formalize the relationship between animal state and FC map
quality, we quantified correspondence between FC and AC maps at the 5 tracer sites (Fig.
71). For the /ight sedation, low GOF values and a tight distribution confirmed that those

FC maps corresponded well with AC maps. Larger GOF values and wider distributions in
the other two states indicated lower correspondence between FC maps and AC maps. These
observations motivated us to record RS-1SOI under /ight sedation, defined by the absence
of EEG suppression, throughout the study. We note that /ight sedation was achieved with
0.9-1.5% isoflurane in the 9 recordings in this experiment (Table 2). But isoflurane dosing
needed to be as low as 0.5% if we consider all 28 recordings from the same state (Table 1).

This experiment also shed light on parameters for monitoring sedation depth. For example,
we found no relationship between isoflurane dose and heart rate (r2 = 0.09, Fig. 7J left) and
no relationship between heart rate and map quality (r2 = 0.01, Fig. 7K left). In contrast we
found a strong relationship between isoflurane dose and EEG suppression (r2 = 0.68, Fig. 7J
right) and between EEG suppression and map quality (r?2 = 0.58, Fig. 7K right).

4. Discussion

We investigated whether resting state (RS) can reveal granular details of cortical
architecture. To that end, we recorded RS with intrinsic signal optical imaging (RS-1SOI)

in anesthetized squirrel monkeys. Then we correlated the infra slow signals (0.01-0.10 Hz)
to infer functional connectivity (FC) for seeds throughout motor and somatosensory cortex.
FC was benchmarked against (1) effective connectivity and (2) anatomical connectivity.
High correspondence between the three connectivity modalities showed that spatio-temporal
patterns embedded in RS time series, faithfully report cortical connectivity at columnar
resolution.

4.1. High resolution FC

RS is typically recorded with fMRI (RS-fMRI, Biswal et al., 1995). The approach is
invaluable for insight about the macro-organization of brain networks (Fox and Raichle,
2007; Bullmore and Sporns, 2009). However, it lacks the contrast and spatial resolution
needed for revealing fine network features. ISOI shares many of the operational principles of
fMRI, but provides higher effective resolution. For example, ISOI typically reports stimulus-
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evoked activity at columnar scale (Bonhoeffer and Grinvald, 1991; Sheth et al., 2004; Lu
and Roe, 2007). Here, we showed that this high effective resolution is conserved in the
cortical architecture extracted from RS-I1SOI. Even after down sampling, our RS-1SOI data
(60 um/pixel) still had considerably higher spatial resolution (=10x) and higher contrast than
available in most RS-fMRI paradigms. Our findings extend previous RS-1SOI reports (White
etal., 2011; Vazquez et al., 2014; Vasireddi et al., 2016; Bauer et al., 2018; Kura et al., 2018)
by showing that the approach is effective in monkeys and reveals cortical connectivity at
columnar resolution.

Among the strengths of ISOI is that it does not require extrinsic indicators. This feature

is particularly useful for imaging large brains (e.g., monkeys). Indicators such as voltage
sensitive dyes and GCaMP are used in RS recordings and provide better fidelity to neural
activity than 1SOI (Arieli et al., 1995; Mohajerani et al., 2013; Chan et al., 2015). But the
temporal resolution gain does not necessarily improve the quality of FC for two reasons.
First, FC quality is most robust in infra-slow signals < 0.1 Hz (Mayhew et al., 1996; Cordes
etal., 2001; Chan et al., 2015; Vanni et al., 2017), which are sufficiently sampled in ISOI
and in fMRI. Second, signals recorded in 1SOI and fMRI are lagging indicators of the
electrophysiological and calcium signals measured in other methods (Logothetis et al., 2001;
Devor et al., 2003; Shmuel and Leopold, 2008; Schélvinck et al., 2010; Ma et al., 2016; Shi
etal., 2017). Thus, ISOI is perhaps the most versatile and least invasive optical method for
recording RS in wild type animals.

4.2. High resolution cortical parcellation

Cortical parcellation was achieved from dense microelectrode mapping that would not

have been feasible without the longitudinal approach adopted. By generating an at/as for
each hemisphere, we minimized the effects of inter-subject variability. We also eliminated
distortions that could be expected from co-registering results across our animals or with
curated squirrel monkey brains (Schilling et al., 2019). We justified our labor-intensive
approach to cortical parcellation with the accuracy afforded for co-registering connectivity
maps with anatomical and functional divisions. These provisions ensured that connectivity
quantification was both accurate and objective. Moreover, they enabled us to use relatively
small seeds (~230 um diameter), which was in itself important for evaluating the granularity
of FC maps.

4.3. FC corresponds with evoked cortical activation

FC patterns are consistent with cortical activation patterns driven by peripheral stimulation
or behavioral demand (e.g., Vincent et al., 2007; Mohajerani et al., 2013; Vasireddi et

al., 2016). Those observations motivated us to benchmark our FC maps against stimulus
driven activation. We compared FC maps from 48 seeds with ICMS-evoked activation

maps (ICMS+ISOI) of the same cortical sites in the same subjects. We favored ICMS
because it provides control over stimulus location, intensity, and is more effective than
peripheral stimulation at driving motor cortical areas. High correspondence between FC and
ICMS-evoked activation confirmed the effectiveness of RS-1SOI at revealing fine details of
cortical networks.
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4.4. FC corresponds with anatomical connectivity

The relationship between FC and anatomical connectivity (AC) has been intensely
investigated with several approaches. The general consensus is that strong AC is predictive
of FC (Buckner et al., 2013). This principle is instructive for generating hypotheses about
functional networks, but it also underscores the limited utility of FC for interrogating AC.
Our direct comparisons showed strong correspondence between FC and AC both in terms of
spatial organization and connectivity strength. The FC map that we generated for each seed
was in effect a faithful projection of monosynaptic, ipsilateral, connections for that site. This
observation supports a tight relationship between FC and intra-hemispheric AC, which we
would also expect for other cortical networks.

We leveraged ICMS+1SOI to expand comparisons between FC and AC. An inherent
assumption here is that ICMS-evoked activation [i.e., effective connectivity (EC)] accurately
reports AC (Ferezou et al., 2007; Matsui et al., 2011; Grimaldi et al., 2016; Card and
Gharbawie, 2020; Friedman et al., 2020b). Indeed, that assumption was confirmed in the

fit that we reported between AC maps and EC maps. In using EC as a surrogate for AC,

we increased the number of comparisons between FC and AC by ~10x (5 tracer sites vs

48 ICMS sites). High correspondence in those comparisons confirmed a tight relationship
between FC and AC throughout the sensorimotor network. Similarly, the poor fit observed
between FC and EC for non-matching sites points to the spatial specificity in both methods,
which was likely conferred from monosynaptic connections.

Several features of our experimental design likely contributed to the detection of high
correspondence between FC and AC. (1) FC and AC were compared at identical locations.
(2) FC and AC were measured at columnar and cellular resolution, respectively. (3)

Seed diameters were small and matched the size of tracer injection cores. (4) FC maps

were thresholded to only retain pixels that reported connectivity across recordings. (5)
Histological sectioning matched the planar view of the optical images, which facilitated
accurate co-registration of FC and AC. (6) Our testbed was motor and somatosensory
cortical areas, which form relatively strong network(s). (7) We compared FC to AC in

the ipsilateral hemisphere only. Although discrepancies between FC and AC have been
reported within hemisphere (Howells et al., 2020), they are more widely reported for
interhemispheric connectivity (Greicius et al., 2009; Matsui et al., 2011; Adachi et al., 2012;
Bauer et al., 2018; Thomas et al., 2021; c.f. Shen et al., 2015). For example, FC linking
homotopic cortex has been reported for foci that lack interhemispheric connections (Vincent
et al., 2007) and even in cases of corpus callosum agenesis (Tyszka et al., 2011). Thus,

had we examined the opposite hemisphere in our preparation, then we may have found less
fidelity between FC and AC and between FC and EC as compared to our observations in the
ipsilateral hemisphere.

4.5. Previous comparisons of FC and AC

Previous efforts to understand the relationship between FC and AC have spanned various
methods and species. For example, many human studies have compared FC patterns from
RS-fMRI to fiber tract patterns from diffusion weighted imaging (dMRI) (Hagmann et al.,
2008; Greicius et al., 2009; Heuvel et al., 2009; Honey et al., 2009; Adachi et al., 2012).
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Within subject comparisons are a major strength in those studies, but the acquisition tools
themselves lack the effective resolution for fine network architecture. In fMRI for example,
signal-to-noise ratio and voxel size (=1 mm isotropic) can blend nearby patches. Similarly,
in vivo protocols of dMRI are limited in their sensitivity to detecting large, myelinated,
fibers and have yet to match the level of detail achieved in ex vivoscans (Liu et al.,

2020). In contrast, tracer injections, like in the present study, reveal site connections at
cellular resolution. Several studies in monkeys have shown strong correspondence between
FC from RS-fMRI and AC from tracer injections (Shen et al., 2012; Wang et al., 2013;
Hori et al., 2020a). Those comparisons offer considerably higher spatial resolution than

is feasible in the human studies, but they are still limited by the effective resolution of
fMRI and the potential blurring that occurs from co-registering FC and AC from separate
animals. Some rodent studies have compared FC from optical imaging to AC from tracer
injections (Mohajerani et al., 2013; Bauer et al., 2018). Such comparisons ensure that FC
and AC were both acquired at high spatial resolution, but the effective resolution in those
comparisons is still limited by the impact of co-registering FC and AC from separate
animals. Our experimental design remedied most of the issues discussed here, but of course
our approach is not without its own limitations. For example, ISOI cannot measure activity
in subcortical structures or cortical sulci. Also, deploying three connectivity methods in the
same hemisphere limits the number of sites that can be practically investigated with ICMS
or with tracers. In contrast, retrieving anatomical connectivity form curated repositories
(e.g., CoCoMac, Marmoset Brain Connectivity Atlas, and Allen Brain Atlas) removes
those constraints. Finally, the cranial window needed for ISOI limits its use in humans

to subpopulations undergoing cranial surgery.

4.6. EEG indicates animal state and FC quality

Correspondence was highest between FC and AC during /ight sedation. FC quality
deteriorated in semi-deep sedation (EEG burst-suppression) and deteriorated further in deep
sedation (EEG suppression). The relationship between FC quality and animal state was
consistent with previous reports (Liu et al., 2013b; Hutchison et al., 2014; Areshenkoff et
al., 2021). Also, the /ight state was maintained here with isoflurane dose 0.5-1.5%, which

is consistent with concentrations previously recommended for high quality maps in monkey
RS-fMRI (Hutchison et al., 2014). Nevertheless, we also accrued extensive observations

in the same monkeys where the same isoflurane dose induced periodic EEG suppression,

or even complete EEG suppression. We concluded from those observations that a pre-set
isoflurane concentration does not guarantee that the desired /ight state will be maintained,
or even achieved. Our mitigation strategy was to confirm from EEG patterns that an animal
was in the /ight state for several minutes before resting sate recording commenced. Our
results confirmed that intracranial EEG patterns are reliable indicators of animal state and by
extension FC quality.

5. Conclusion

We showed that FC maps from RS-ISOI report cortical connectivity with remarkable fidelity
and in granular detail. RS-1SOI combines strengths from fMRI and optical methods that
make it an attractive solution for mapping cortical architecture. RS-1SOI has the potential to
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serve many questions in systems neuroscience particularly where RS-fMRI is not feasible or
high-resolution FC maps are desired.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

M%tor and somatosensory maps are consistent between animals. (A) Motor maps for

M1, PMd, and PMv from the left hemisphere (monkey B). White dots are intracortical
microstimulation sites (ICMS, n = 264). Voronoi tiles (1.0 mm radius) are color-coded
according to ICMS-evoked movement. Checkered tiles depict multiple movements (1 color/
body part). Non-responsive sites (NR) failed to evoke movements at 150 pA. The forelimb
representation (gray tones) was mapped up to its borders. Face, leg, and tail representations
were mapped less extensively. The rostral M1 border (dashed line) was estimated from
current thresholds and distance to central sulcus (CS). Major vessels are masked in gray.
LS: lateral sulcus. Tan color in the perimeter masks resected dura and skull. Scale bar
applies to panels in top row. (B) Motor map (n = 231 sites) from monkey R. Scale bar
applies to panels in bottom row. (C) Somatosensory maps for areas 3a, 3b, 1, and 2, from
the same hemisphere in (A). White dots are microelectrode recording sites (n = 169).
Voronoi tiles (1.0 mm radius) are color-coded according to body part that drove unit activity
most effectively. Sites were classified as NR if stimulation and joint manipulation failed to
drive unit activity. Cortical borders (dashed lines) were estimated from receptive fields and
distance to CS. (D) Somatosensory maps (n = 251 sites) from the same hemisphere in (B).
(E) Combined maps from (A) and (C). NR sites were removed. Somatosensory sites with
palm and digit responses are classified here as hand. (F) Combined maps from (B) and (D).
(G) Schematic of squirrel monkey brain. Red rectangle approximates the field of view in
(A-F). (H) Cortical surface areas measured from (E) and (F).
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Fig. 2.
Time course correlations and optimal imaging duration. (A) Optical image of cortex (528

nm illumination) with cortical borders and zones from microelectrode maps. Large blood
vessels are masked in gray. Tan color around the perimeter masks resected dura and skull.
Scale bar is same for (C). Seed (blue circle) is in the PMv hand zone. (B) 7op. Raw time
course of reflectance change (AR/R%) measured from the seed in 1 RS-1SOI recording.
Bottom. Same time course after spatial and temporal processing. Dashed line is threshold for
flagging frames where the seed darkened. (C) Average optical image from frames flagged

in (B). Dark patches (arrowheads) are evident at the seed and in PMd, M1, 3a, and area

2. (D) Functional connectivity (FC) map from same seed in (C). Color scale reflects the
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correlation coefficient (p) between the time course at a given pixel and the time course of
the seed. Colored circles are representative regions-of-interest (ROIs). (E) Each plot shows
time courses from the seed and 1 ROI from (D). Line color matches ROI color in (D). (F)
Scatter plots show reflectance change in the seed (x-axis) against reflectance change in the
ROIs (y-axis). Each plot relates to the adjacent line plot in (E). Only the red scatter plot
showed positive correlation. (G) Representative FC maps generated from variable segments
of a 30-min RS-1SOI recording. Segment duration is in the bottom right corner. Seed

(white dot) is in the same location as (D). Coefficients (p) are from pairwise comparisons
(Pearson correlation) between map in the top row and map directly below it. (H) Pairwise
comparisons (n = 250,245 between both monkeys) of maps and coefficients from 4 RS-1SOI
recordings. Red circles are average coefficients for each segment duration. Red shading is +
SD. Equation and r? describe line of best fit.
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Fig. 3.
Functional connectivity maps are stable over months and consistent between monkeys.

(A) Grid of seeds (n = 66-71 per hemisphere, 1 mm spacing). For every seed, FC maps
were generated from imaging runs up to 16 months apart. Bar plot. Pairwise comparisons
(Pearson correlation) of maps from each animal. Correspondence was highest for matched
sites after maps were thresholded for coefficients = 0.25. Correspondence declined in

the absence of thresholding. There was no correspondence for comparisons between
non-matched sites. (B) Functional connectivity (FC) map from a representative RS-1SOI
recording (15 min) in monkey B. Seed (white dot) is in the PMv hand zone. Color bar is
correlation coefficients (p) and applies to all panels. (C) Average FC map from 13 RS-1SOI
recordings. Seed location is same as (B). Patches of hot colors are in similar locations in
(B) and (C). (D) FC map is same as (C) but limited to pixels with significant coefficients
(one-tailed t-test, p < 0.001). (E) Average FC map for a matching seed location in monkey
R. Map is based on 15 RS-ISOI recordings. (F) FC profiled in relation to motor and
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somatosensory maps. Quantification is based on number of pixels and coefficients for maps
in (D, red plot) and (E, blue plot). Sum of radial coordinates = 1. Functional zones are
grouped according to modality. Motor includes M1, PMd, and PMv. S1 includes areas 3a,
3b, 1, and 2. Area 5 is independent (darkest gray). (G-1) Same as (D-F), but for a site in area
3b digit zone.

Prog Neurobiol. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Card and Gharbawie

>

[] Matched sites
[ Both arm or hand
. 1arm & 1 hand
[l Non-matched sites

0.2 081

0.8

o
kS
2
o

0.6

% of pixels

CS Value
MS Value
N

o
o

o
IS

0.4

GOF Value
GOF Value

0.2

5 10 15 20
Distance from site (mm) 0

Fig. 4.
Functional connectivity maps correspond with effective connectivity maps. (A-D) Direct

comparison of FC and EC maps from a site in the PMv hand zone (monkey B). (A) Average
optical image: ICMS condition minus blank condition (50 trials/condition). Arrowheads
point to dark patches evoked from ICMS. Stimulating microelectrode and major vessels are
masked in gray. Microelectrode tip (white circle) was 1000 um deep. (B) EC map: pixels
that darkened (t-test, p < 0.001) in response to ICMS were ranked from lowest (white = 0t
percentile) to highest (dark red = 100t percentile). (C) FC map for the same site in (A-B).
Pixels with significant coefficients were percentile ranked as in (B). (D) Quantitative profile
of FC (blue plot) and EC (red plot) maps in relation to motor and somatosensory maps.
Near perfect overlap between maps was confirmed with cosine similarity (0.99). (E-H) Same
as (A-D), but for a site in area 1 arm zone. Correspondence between maps was confirmed
with cosine similarity (0.97). (1) Sites (n = 27) for direct comparison of FC and EC maps
(monkey B). (J) Same as (l), but in monkey R (n = 21 sites). (K) Cosine similarity for
pairwise comparisons between FC and EC maps. Comparisons were grouped according to
site identity. (1) Matched sites. FC and EC maps were generated from identical locations.
(2) Both arm or hand. FC and EC were generated from sites within the same forelimb
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zone (e.g., hand), but from different locations. (3) Z arm & 1 hand. FC and EC maps were
generated from non-matched forelimb zones. (4) Non-matched sites. FC and EC maps were
generated from non-matched representations of the body (e.g., 1 site in a forelimb zone and
other site in face). (L) Mean separation between pixels for the same comparisons in (K).
(M) Goodness of fit (GOF) for the same comparisons in (K). (N) Distribution of significant
pixels in FC and EC maps as a function of distance from the 48 sites in (I-J). In FC and EC
maps, ~50% of significant pixels were within 2 mm of the test site. (O) Same as (M) but
after excluding significant pixels within 2 mm of each test site.
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©BDA cell|

Fig. 5.
Anatomical connectivity maps from tracer injections. (A) Tracer injections (white dots)

in M1 arm and PMd arm zones in monkey B. Red circles are microlesion sites. (B)
Representative cortical section processed for BDA (horizontal plane, 50 pm thickness).
Dark patches are labeled cells and axons. Section was cropped to the approximate field-of-
view in (A). Arrowheads mark injection sites. CS: central sulcus; LS: lateral sulcus. (C)
Representative BDA-labeled cell. (D) BDA-labeled cells (red circles, n = 12,136) collated
from 8 horizontal sections. White dot marks BDA injection site. Dashed circle marks zone
of dense tracer uptake that has been filled with red. (E) Anatomical connectivity (AC)

map based on the BDA-labeled cells in (D). Cells were counted from circular bins (80 pm
radius) that increased by 10 um with every millimeter from the injection site. Bins with
fewer than 2 cells were omitted for de-noising. Colors indicate rank percentile from lowest
(white = 0t percentile) to highest (dark red = 100" percentile). Zone of dense tracer uptake
is filled with the 90t percentile color. (F) Quantitative profile of (E) in relation to motor
and somatosensory maps. (G) Tracer injections in M1 arm, PMd arm, and PMv hand in
monkey R. (H) AC map from injection into the M1 arm zone in monkey R (6 sections, 2,832
FR-labeled cells). (1) Quantitative profile of (H). (J) AC map from injection into the PMd
arm zone in monkey B (4 sections, 32,296 FB-labeled cells). (K) Quantitative profile of (J).
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Functional and effective connectivity maps correspond with anatomical connectivity maps.

(A-F) Comparison of FC, EC, and AC maps for a site in the PMd arm zone (monkey

R). Conventions are consistent with Fig. 4 & Fig. 5. Color bar applies to all maps. Note
similarities between the 3 maps and the 3 polar plots. (A-B) AC map and corresponding
quantitative profile (5 sections, 50,020 CTB-labeled cells). (C-D) FC map and quantitative
profile. (E-F) EC map and quantitative profile. (G-L) Same as (A-F), but for a site in the
PMv hand zone. Note similarities between the 3 maps and the 3 polar plots. AC map in
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(G) was based on 6 sections, 1,878 BDA-labeled cells. (M) Cosine similarity (CS), mean
separation (MS), and goodness of fit (GOF) for pairwise comparisons of FC maps and AC
maps from matched (light blue) and non-matched (dark blue) sites. Matched comparisons
showed more correspondence between FC and AC maps than non-matched comparisons.
(N) Matched comparisons showed more correspondence between EC and AC maps than
non-matched comparisons.
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Fig. 7.

Relationship between animal state and FC map quality. (A) Representative EEG traces
(top) and corresponding spectrograms (bottom) for 3 animal states. The /ight state consisted
of slow waveforms and no suppression (0.9-1.5% isoflurane). The semi-deep state had
periodic suppression (1.75-2.0% isoflurane). The deep state had suppression only (2.0
2.25% isoflurane). (B) Power spectrum (mean+SD) of EEG acquired during 16 RS-1SOI
recordings (/ightn =9, semi-deepn = 4, deepn = 3). (C-E) FC maps from one seed (white
circle) in the M1 arm zone (monkey B). FC maps match the animal state directly above in
(A). Note the deterioration in spatial patterns from /ightto deep. (F-H) Same as (C-E), but
for a seed in area 3b digit zone (monkey R). (1) Goodness of fit (GOF) between FC and

AC maps at the 5 tracer sites. GOF was lowest (best) in the /ight state. (J) Heart rate (left)
and EEG suppression (right) as a function of isoflurane dose. Each point is an average from
a 15-min recording. Red line is linear fit. (K) FC map quality as a function of heart rate
(left) and EEG suppression (right). Map quality is the correlation coefficient (Pearson) from
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comparing individual FC maps with average FC maps from the same seeds. Comparisons
were conducted in seeds throughout the field-of-view (n = 83-85 seeds per hemisphere).
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Table 2

Animal state monitoring.

Animal state Resting State Recordings EEG % Suppression % Isoflurane Heart rate (BPM)

Light 9 0.37+£0.51 1.13+0.21 227.11 + 43.68
Semi-deep 4 35.78 + 28.87 1.91+0.12 221.3 +£33.07
Deep 3 98.73+2.12 2.08 £0.14 220.8 +44.18

All values are mean + SD. EEG was recorded continuously, whereas values for isoflurane and heart rate (HR) were discrete and logged at regular
intervals.
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