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Abstract

Functional MRI responses are localized to the synaptic sites of evoked inhibitory neurons, but it is
unknown whether, or by what mechanisms, these neurons initiate functional hyperemia. Here, the
neuronal origins of these hemodynamic responses were investigated by fMRI or local field
potential and blood flow measurements during topical application of pharmacological agents when
GABAergic granule cells in the rat olfactory bulb were synaptically targeted. First, to examine if
postsynaptic activation of these inhibitory neurons was required for neurovascular coupling, we
applied an NMDA receptor antagonist during cerebral blood volume-weighted fMRI acquisition
and found that responses below the drug application site (up to ~1.5 mm) significantly decreased
within ~30 min. Similarly, large decreases in granule cell postsynaptic activities and blood flow
responses were observed when AMPA or NMDA receptor antagonists were applied. Second,
inhibition of nitric oxide synthase preferentially decreased the initial, fast component of the blood
flow response, while inhibitors of astrocyte-specific glutamate transporters and vasoactive
intestinal peptide receptors did not decrease blood flow responses. Third, inhibition of GABA
release with a presynaptic GABARg receptor agonist caused less reduction of neuronal and blood
flow responses compared to the postsynaptic glutamate receptor antagonists. In conclusion, local
hyperemia by synaptically-evoked inhibitory neurons was primarily driven by their postsynaptic
activities, possibly through NMDA receptor-dependent calcium signaling that was not wholly
dependent on nitric oxide.
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1. Introduction

Functional MRI (fMRI) noninvasively examines in vivo brain function in humans and
animals by measuring the hemodynamic response to neuronal activity. Due to its indirect
nature, it is important to understand how neurons couple to the vasculature. In particular,
studying how GABAergic neurons are involved in functional hyperemia has been of growing
interest because these neurons co-release vasoactive neurotransmitters (Cauli et al., 2004; for
review see, Hamel, 2006) and have a close apposition to blood vessels (Kocharyan et al.,
2008; Vaucher et al., 2000). In addition, GABAergic neurons are genetically and
functionally diverse (Taniguchi, 2014), making their roles in neurovascular coupling
complex and in need of further study.

Neurovascular coupling has been traditionally examined in sensory cortical areas (Boorman
etal., 2010; Devor et al., 2008; Enager et al., 2009; Lecrux et al., 2011; Lee et al., 2010),
where sensory input is integrated through complex laminar connections and involves a
diversity of neuron types (Logothetis, 2008). Consequently, in these models, both excitatory
and inhibitory neurons are often dependently activated, making it difficult to separate the
unique role of inhibitory neurons to functional hyperemia. For this reason, optogenetics has
been used to selectively stimulate inhibitory neurons (Urban et al., 2012; Zhao et al., 2011).
With this technique, light-sensitive ion channels, like channelrhodopsin-2 (ChR2), were
genetically targeted to specific inhibitory neuron populations and their selective
contributions to hemodynamic responses were examined (Anenberg et al., 2015; Dahlqvist
et al., 2020; Krawchuk et al., 2020; Lee et al., 2020a, Lee et al., 2020b; Uhlirova et al., 2016;
Vazquez et al., 2018). These studies showed that light-evoked GABAergic activity can
increase or decrease blood flow and blood volume responses. However, recent evidence
suggested that blood vessel dilation (Rungta et al., 2017) and neuronal circuit dynamic
changes (Mahn et al., 2016; Octeau et al., 2019; Owen et al., 2019; Raimondo et al., 2012)
can also be directly affected by the light stimulus. In addition, ChR2 is nonspecifically
distributed throughout the membrane of neurons (lordanova et al., 2018, 2015) and is not
exclusively localized to the synapse. Since neurovascular coupling pathways seem to be
compartmentalized to the synaptic microdomain (Poplawsky et al., 2015), globally
distributed light-sensitive channels may contribute to other nonspecific or confounding
responses, especially if the ion channel is permeable to calcium, like ChR2 (Nagel et al.,
2003). There was some indirect evidence for the involvement of synaptically-activated
inhibitory neurons to increased blood flow in the cerebellar cortex (Mathiesen et al., 1998),
but further study is necessary. To examine these issues here, we preferentially evoked
GABAergic neuronal activity through dendrodendritic synapses in the main olfactory bulb of
isoflurane-anesthetized rats and measured the cerebral blood volume-weighted (CBVw)
fMRI responses.
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The olfactory bulb is an advantageous model because it has well-established circuitry that
allows targeted synaptic stimulation of inhibitory neurons. Specifically, the apical dendrites
of GABAergic granule cells connect to the lateral dendrites of excitatory mitral (and tufted)
cells in the external plexiform layer (EPL) via reciprocal dendrodendritic synapses (Bartel et
al., 2015; Price and Powell, 1970; Rall and Shepherd, 1968), which mediate lateral
inhibition and regulate excitatory spread along mitral cell dendrites (Luo and Katz, 2001;
Xiong and Chen, 2002; Yokoi et al., 1995). Importantly, preferential activation of these
inhibitory neurons has been shown with antidromic stimulation of the lateral olfactory tract
(LOT), which contain the mitral cell axons (Jahr and Nicoll, 1980; Mori and Takagi, 1978;
Rall et al., 1966). Local field potentials (LFPs) evoked by LOT stimulation have a signature
waveform indicating the excitation of inhibitory granule cells (Nakashima et al., 1978;
Nicoll, 1969; Uva et al., 2006), and current source density analyses of laminar LFPs
revealed a localized current sink (i.e. synaptic depolarization) in EPL (Aroniadou-
Anderjaska et al., 1999; Poplawsky et al., 2015; Uva et al., 2006). Optical imaging with a
voltage sensitive dye, indicative of synaptic potential changes, was also confined to EPL
following LOT stimulation (Laaris et al., 2007). It was further shown that depolarization of
the lateral dendrites of mitral cells released glutamate onto the dendritic spines of granule
cells, followed by reciprocal release of GABA onto the mitral cell dendrites (Chen et al.,
2000; Halabisky et al., 2000; Isaacson and Strowbridge, 1998; Schoppa et al., 1998).
Activation of dendrodendritic synapses by LOT stimulation also dilated microvessels near
the site of synaptic activity, which we demonstrated with CBVw fMRI. Namely, we
observed fMRI responses specifically localized to EPL with an approximate 100-um spread
beyond this layer (Poplawsky et al., 2019a, 2015). In the present study, we examine whether
postsynaptic GABAergic neuronal activity is required for these hemodynamic responses
evoked by LOT stimulation.

Previous examinations of the pre- or post-synaptic origins of the hemodynamic response in
olfactory bulb glomeruli in the glomerular layer (GL) are controversial. Some studies
suggested that presynaptic glutamate release alone and its detection by astrocytes through
glutamate transporters or mGIuR5 can initiate functional hyperemia (Gurden et al., 2006;
Petzold et al., 2008; see also Zhao et al., 2017), while other studies showed that postsynaptic
activity was required (Chaigneau et al., 2007; De Saint Jan and Westbrook, 2005; Otsu et al.,
2015). However, in these studies, both excitatory and inhibitory neurons were elicited,
similar to the aforementioned sensory cortical regions; and the complexity caused by this
mixture of evoked neuronal populations could explain the observed discrepancies. In the
current study, our established LOT-stimulation model simplifies this neuronal circuit by
isolating the contributions of inhibitory neurons to the hemodynamic response. Therefore,
we aimed to test whether our observed CBVw-fMRI responses to LOT stimulation were
caused by presynaptic glutamate release alone or whether postsynaptic activity of inhibitory
granule cells was necessary. For this, we applied various pharmacological agents to the bulb
surface during fMRI recording and, in separate experiments, during optical blood flow and
electrophysiological measurements.
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2. Materials and methods

Experiments consisted of three parts: (1) confirmation with c-Fos immunohistochemistry,
(2) pharmacological tests of CBVw-fMRI responses, and (3) pharmacological tests of
neuronal activity and optical blood flow responses. LFPs were measured with a metal
microelectrode; blood flow was measured with laser-Doppler flowmetry (LDF); total
hemoglobin content-weighted images were measured with optical intrinsic signal imaging
(OISI); and CBVw fMRI was achieved with a monocrystalline iron oxide nanoparticle
(MION) contrast agent. All data were analyzed with MATLAB (MathWorks, Natick, MA,
USA), unless otherwise noted. LFPs, LDF, and OISI data were averaged over multiple runs
with identical stimulus conditions before further analyses. Analyses were performed on each
rat separately before group averaging. Experimental procedures were previously described in
detail (Poplawsky et al., 2015).

2.1. Animal preparation

A total of 56 male Sprague Dawley rats (isoflurane-anesthetized, freely breathing, 311.0 +
61.6 g; mean £ SD) were used in our study with approval from 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’s
Guide for the Care and Use of Laboratory Animals. No rats had time-locked heart rate or
blood pressure changes to LOT stimulation, while two rats were removed from the study due
to unstable blood pressures.

For all surgical procedures, rats were induced and maintained with 5.0% and 2.0%
isoflurane, respectively; while all functional studies were performed at least 60 min after
decreasing the isoflurane to 1.1-1.4%. The isoflurane level remained constant for individual
subjects during all recordings. We chose isoflurane in this study because it is relatively easy
to maintain a stable, long-term physiological condition (Masamoto et al., 2007), as opposed
to a-chloralose in our previous studies (Poplawsky et al., 2019a, 2015). The skull over the
right olfactory bulb was removed (~3 mm x 2 mm) while keeping the dura intact. A dental
cement well with inlet (for both fMRI and non-fMRI experiments) and outlet (for fMRI
experiment only) tubes (PE-50) was built around the craniotomy for superfusion. The
craniotomy was filled with saline, covered with an acrylic plate (1.5 mm thick) and sealed
with dental cement for fMRI experiments, while it remained open for non-fMRI
experiments. A stimulation electrode was stereotaxically implanted into LOT (Mode, AO0.2,
L4.2, D8.5) for all animals (n7=56). The final stimulation electrode position was determined
by local field potentials (LFPs) evoked by LOT stimulation in the olfactory bulb. An Ag/
AgCl reference electrode was placed over the left visual cortex between the dura and bone.
The left femoral artery was catheterized for blood pressure and heart rate monitoring, and
the left femoral vein for contrast agent and continuous 5% dextrose fluid administration (1.0
mL/kg/h). The mean arterial blood pressure was maintained between 70 and 130 mmHg.
Atropine (0.05 mg/kg, i.m.) was administered at the beginning and end of surgery. A
respiratory pillow was placed under the chest for breathing rate measurements and a warm-
water circulator (for fMRI) or an electric heating pad (for non-fMRI) with rectal temperature
feedback was used to maintain the core body temperature at 37 = 1 °C. Rats freely breathed
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a 0.75-0.95 L/min air and 0.09-0.12 L/min oxygen gas mixture through a nose cone that
maintained oxygen levels between 28 and 29% (Capnomac Ultima capnometer, Datex-
Engstrom, Helsinki, Finland).

2.2. Confirmation with c-Fos immunohistochemistry

We used cell-specific molecular markers to histologically identify neurons activated by LOT
stimulation. We performed double immunostaining for nuclear c-Fos, a marker for increased
cellular activity, and glutamic acid decarboxylase (GADg7), @ marker for GABAergic
neurons, to examine the degree of their co-localization (7= 4 rats). C-Fos is a nuclear
transcription factor and an established functional marker of activated neurons (Dragunow
and Faull, 1989; Kovacs, 1998). LOT was stimulated every 60 s (7=3) or 30s (7n=1) by a
10-s pulse train (100-us pulse width, =150 — =200 pA current intensity, 40 Hz) using an
isolator (Isoflex, AMPI, Israel) equipped with an electrical pulse generator (Master 9, AMPI,
Israel) for a total of 90 min. Then, the rat was deeply anesthetized with Euthanasia-111
Solution (0.2 mL, i.p., active ingredients: 390-mg pentobarbital sodium and 50-mg
phenytoin sodium per mL, Med-Pharmex Inc., Pomona, CA) and perfused transcardially
with phosphate buffered saline (PBS, 0.01 M, pH 7.4) followed by 4% paraformaldehyde in
PBS. The brain was removed and stored in 30% sucrose in PBS at 4 °C for cryoprotection
and then flash-frozen and stored at —80 °C. Frozen brain tissue was cryosectioned using a
Leica CM1850 cryostat (Leica, Wetzlar, Germany) in 25-zm-thick slices, and mounted on
glass slides. For c-Fos expression, the sections were incubated in a primary polyclonal rabbit
antibody (SC-52, 1:200 Santa Cruz Biotechnology Inc., Dallas, Texas, USA) followed by
Alexa Fluor 488 goat anti-rabbit secondary antibody (A-11008, 1:500, Invitrogen, Waltham,
Massachusetts, USA). To identify inhibitory cell populations, we used GADg7 mouse
monoclonal antibody (1:200, MAB5406, Millipore, St. Louis, MO, USA) followed by Alexa
Fluor 594 donkey anti-mouse secondary antibody (R37115, 1:500, Invitrogen). To assist in
layer identification, cytoarchitectonic boundaries were visualized by staining nuclei with
Hoechst 33342 (H3570, Invitrogen). All four rats were visually inspected by a fluorescence
microscope. In one representative rat (30-s interstimulus interval), immunohistochemical-
stained sections were imaged with a confocal microscope (FluoView 1000, Olympus, Inc.,
Tokyo, Japan) at a 0.621 um x 0.621 um pixel resolution and 20 x magnification (Fig. 1B).
A threshold was applied to the c-Fos image to identify this nuclear-specific fluorescence.

2.3. Pharmacological tests on CBVw-fMRI responses

CBVw-fMRI responses evoked by LOT stimulation were recorded and compared during the
60-min pre-drug control, 90-min drug application, and 180-min recovery (i.e., after washout
of the drug) periods (Figs. 2 and 3). We chose a contrast-enhanced CBVw method, instead
of BOLD, due to it higher specificity to the sites of synaptic activity changes (Poplawsky et
al., 2019a), which was similarly shown in non-invasive CBVw fMRI studies of humans
(Huber et al., 2017; Lu et al., 2003). LOT was repeatedly stimulated for 64 s at 40 Hz (200-
us pulse width, —200-pA current intensity) every 304 s for the entirety of the
pharmacological experiment. Despite the technical challenge (Aksenov et al., 2019), we
chose topical application because systemic injection of drugs (e.g., Schoppa et al. (1998);
Zhao et al. (2017)) may act at sites normally not involved in LOT stimulation and the precise
sites of drug action cannot be known. We targeted NMDA instead of AMPA receptors
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because their activation was required for dendrodendritic inhibition (Isaacson and
Strowbridge, 1998; Schoppa et al., 1998) and Ca2* influx through NMDA receptors was
important for GABA release in EPL (Chen et al., 2000; Halabisky et al., 2000). Further,
reduction of mitral cell glutamate release by presynaptic NMDA receptor antagonists was
expected to be negligible (Aroniadou-Anderjaska et al., 1999; Sassoe-Pognetto and Ottersen,
2000).

2.3.1. Remote drug application simultaneous with CBVw-fMRI acquisition—
For topical drug application during fMRI, we removed the skull over the right bulb and fixed
1.5-minlet and 0.1-m outlet tubes at opposite ends of the craniotomy to apply and remove
the drug, respectively (Fig. 2A). The preparation was filled with saline and sealed with a 1.5-
mm thick acrylic plastic window with special attention made to remove all air. A surface coil
(10-mm diameter, transmit and receive) was placed over the bulb before the rat was
positioned to the magnet isocenter (9.4-T/31-cm MR system interfaced by a DirectDrive
console, Agilent Tech, Santa Clara, CA; actively shielded gradient coil with 40-G/cm peak
gradient strength and 120-ps rise time, Magnex, UK). Outside of the magnet, a reservoir of
1-mL PBS vehicle or PBS containing the drug was gravity-fed to the bulb surface through
the inlet tube. Liquid exiting the bulb was collected in a second reservoir near the head of
the rat.

T2-weighted anatomical (fast spin-echo sequence, 5-s TR, 40.7-ms effective TE, train of 4
echoes, 8 x 8 mm?2 FOV, 128 x 128 matrix, 9 slices, 0.5 mm slice thickness) and CBVw-
fMRI images (compressed-sensing GRE sequence (Zong et al., 2014),125-ms TR, 8-ms TE,
same FQV, 64 x 64 matrix, reduction factor of 4, 2-s effective temporal resolution, 35° flip
angle) were acquired. The compressed-sensing GRE sequence was chosen to reduce the
susceptibility artifacts caused by air sinuses near the olfactory bulb, while increasing our
temporal resolution. For CBVw-fMRI contrast, a single i.v. bolus of Feraheme (15 mg
Fe/kg, ferumoxytol, AMAG Pharmaceuticals, MA, MION) was injected; in addition to a
continuous maintenance dose. The rate of continuous MION delivery (~1 mg/kg per 0.1 mL
saline-diluted solution, i.v.) was varied so that the baseline fMRI signal in the bulb was
constant throughout the experiment. No BOLD fMRI images were acquired. During
acquisition, a single fMRI run consisted of 120-s off, 64 s of LOT stimulation, and 120-s off
(~5 min/run). LOT was repeatedly stimulated in this way during the pharmacological study
with 37 baseline runs to establish a steady-state to stimulation, followed by vehicle infusion
and 12-15 pre-drug control runs, drug infusion and 18 drug applied runs (~90 min), and
three vehicle washout infusions spaced 10-min apart and 35 recovery runs (~180-min). Runs
during infusions were excluded from analysis along with a total of five other runs that had
various complications identified prior to analysis (e.g., reconstruction error). Following
acquisition, images were reconstructed using a k-t FOCUSS algorithm with a Karhunen-
Loeve sparsifying transform (Zong et al., 2014). Functional MRI time series were motion
corrected with SPM12 (Wellcome Trust centre for Neuroimaging, London, UK).

2.3.2. Primary GLM—The CBVw-fMRI response evoked by LOT stimulation has a
unique time course with two distinct phases: 1) an initial, fast CBV increase that decreases
toward baseline within the first 10 s of the stimulus and 2) a slower activation that slowly
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builds throughout the 64-s stimulation (Poplawsky et al., 2015). Therefore, we used an
average time course of the fMRI response to the same stimuli from preliminary studies as a
predictor variable; in addition to six motion correction values (3 translation, 3 rotation)
calculated in SPM12 and linear drift covariates. The response variable was either single LOT
stimulation trials or concatenated trials representing the pre-drug control, drug applied, and
recovery experimental conditions. Percent change and t-maps were calculated in SPM12 for
display and statistical thresholding, respectively.

2.3.3. Spatial mapping of APV effects using linear regression analysis—A
second, finite impulse response GLM analysis was performed in SPM12 to determine the
spatial extent of the changes in the evoked fMRI responses due to the drug application and
recovery in a voxel-wise manner. Here, the response variable was the fMRI percent change
maps to individual fMRI runs of LOT stimulations in time (~5 min/run), calculated in the
primary GLM analysis, and the predictor variable was the drug application and washout
block schedule. The drug schedule block design used for analysis had 12-18 pre-drug
control “off” fMRI runs, 17 drug applied “on” runs, and 31-32 recovery “off” runs. We also
included a linear drift covariate and calculated the percent change and t-value maps for each
rat.

2.4. Pharmacological tests on neuronal activity and blood flow responses

2.4.1. Optical intrinsic signal imaging—In a subset of animals (n7= 8), OISI was
performed before drug administration at a hemoglobin isosbestic point simultaneous with
LDF measurements to compare blood volume and blood flow responses evoked by LOT
stimulation, respectively (Fig. 4, A-D). Each run consisted of a 120-s pre-stimulus baseline,
64-s LOT stimulation (100-ps pulse width, —200-pA current intensity, 40 Hz pulse train),
and 120-s post-stimulus periods, unless otherwise noted. For OISI, five runs were repeated
and averaged. The bulb surface was illuminated by oblique light guides connected to a
halogen light source (250 W, Research QTH Light Source, Thermo-Oriel, Stratford, CT,
USA) that transmitted filtered light at a wavelength of 600 £ 50 nm. Images of the remitted
light were captured by a camera through a barrier filter (572 £ 14 nm) to obtain blood
volume weighted signals (Vazquez et al., 2014). OIS images were acquired over a 3.7 x 3.2
- 4.7 x 4.1 mm?2 FOV, depending on the microscope magnification, at 30 frames per second
(fps) using an analog frame acquisition board (Corona-I1, Matrox Electronic Systems Ltd.,
Dorval, Quebec, Canada) and an analog CCD camera (XC-ST70, 640 x 480 pixels, 11.6 x
13.5 um? / pixel, Sony, Japan) on an epi-fluorescence microscope equipped with a 1 x (0.25
NA) objective (MVX-10; Olympus, Tokyo, Japan). To accelerate post-processing, a 2 x 2
binning and 15-frame averaging (i.e., 0.5 s per frame = 15 frames / 30 fps) were performed
on the images. To generate activation maps of blood volume responses, first, a baseline
image (R) was obtained by averaging images over the 120 s prior to stimulation. Differential
images (AR) were then calculated by subtracting the baseline image from each image in
time. Lastly, activation maps (AR/R) were generated by dividing the differential images by
the baseline image (Fig. 4, B and C). To compare OISI and LDF time courses, the average
OISl signal from a circular region of approximately 100-um in diameter (10 pixels) was
chosen in the vicinity of the LDF probe tip. Then, relative OISI changes (%) to the baseline
(averaged over 1 s before stimulus onset, equivalent to 2 frames) were calculated (Fig. 4D).
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2.4.2. Drugs—Six drugs were used to evaluate the contribution of postsynaptic
GABAergic neurons to the evoked blood flow responses. DL-2-A mino-5-
phosphonopentanoic acid (APV), Nw-Nitro-L-arginine (L-NNA), and (x)-Baclofen
(Baclofen) were purchased from Sigma (MilliporeSigma, St. Louis, MO). 2,3-Diox0-6-
nitro-1,2,3,4-tetrahydrobenzo[ flquinoxaline-7-sulfonamide disodium salt (NBQX),
Dihydrokainic acid (DHK), and Vasoactive Intestinal Peptide Fragment 6—28 human, rat,
porcine, bovine (VIP (6-28)) were purchased from Tocris Bioscience (Bio-Techne
Corporation, Minneapolis, MN). All drugs were prepared in PBS (0.01 M, pH = 7.4), unless
otherwise noted. APV was dissolved in saline by adding 0.1 M and 1 M NaOH and the final
pH was adjusted to 7.4 by further adding 0.1 M NaOH. Baclofen was prepared in either PBS
or artificial cerebrospinal fluid (126-mM NacCl, 2.5-mM KCI, 1-mM MgSO4¢7H,0, 2-mM
CaCly*2H,0, 1.25-mM NaH,PO4°H,0, 26-mM NaHCO3, 10-mM p-glucose, 10-mM
HEPES, bubbled with a mixture of 5% CO, and 95% O, pH = 7.4). All drugs were
topically applied to the dorsal surface of the right olfactory bulb with dura intact. Each rat
under-went only one drug exposure to avoid possible drug interactions. Final concentrations
of the drugs were adjusted to 25 mM for APV, 5 mM for NBQX, 1 mM for DHK, 1 mM for
L-NNA, 0.1 mM for VIP (6-28) and 10 mM for Baclofen. These concentrations were based
on previous reports: Gurden et al. (2006) for APV, NBQX, and baclofen; Petzold et al.
(2008) for DHK; Akgdren et al. (1997) for L-NNA; Lecrux et al. (2011) for VIP(6-28). For
APV, we used 25 mM instead of 50 mM (Gurden et al., 2006) because a longer exposure
time (> 120 min) with the higher concentration caused instability in the baseline LDF signal.
For this in vivo study, a long drug application period was chosen to ensure deeper drug
penetration to EPL through an intact dura mater and to elicit widespread effects measurable
by LDF and fMRI. The efficiency of drug removal through washout depends on the time of
drug exposure and washout, as well as on chemical properties like water solubility, lipid
affinity, concentration, receptor-binding and -release kinetics, etc. Because the primary goal
of the washout period was to control for time-dependent confounds not specific to the drug
effects rather than to achieve complete recovery to baseline levels, the pre-drug control and
washout periods were not statistically tested.

2.4.3. LFP and LDF signal recordings—LFP and LDF responses evoked by LOT
stimulation were recorded from the granule cell layer (GCL) and the dorsal surface of the
bulb, respectively. For baseline neuronal activity assessment, LFP was also recorded from
the external plexiform layer (EPL). LOT was stimulated for 4-6 runs and averaged, with the
exception of DHK experiments whereby LOT and odor stimulations were interleaved (64 s
duration, every 608 s for each). Odor stimulation was performed by a custom-built
olfactometer (Poplawsky and Kim, 2014). Briefly, solenoid valves diverted airflow (0.2
L/min medical gas, 21% O, and 79% N>) to one of two plastic bottles containing 100 mL of
5% (w/w) 2-hydroxyacetophenone (2HA) in mineral oil or 100 mL of 100% mineral oil. A
Teflon tube with a one-way check valve was connected to the output of each bottle. These
two lines converged onto a single Teflon tube with a one-way check valve that then merged
with the isoflurane delivery line (1.0 L/min medical gas + 0.12 L/min O,) at the rat nose
cone. Therefore, the effective concentration of 2HA was ~0.8% (w/w). A vacuum line at the
opposite end of the nose cone removed the odors.
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For APV (n= 8 rats), L-NNA (n=7 rats), VIP (6-28) (n = 6 rats), and baclofen (n= 9 rats),
the evoked responses to LOT stimulation were recorded from ~90 to 120 min after drug
administration; ~60 to 90 min for NBQX (7= 6 rats) due to a faster suppression of evoked
LFPs; and ~90 to 150 min for DHK (7= 7 rats) due to the acquisition of additional odor
responses. Washout of the drug was performed only if suppression of the evoked responses
was observed. Recovery, if taken, was recorded ~120-180 min after washout of the drugs.

For evoked LFP quantification, averaged data across runs were fully rectified and summed
over the 64-s stimulation period. The summed LFP data were then divided by the sampling
rate (10 kHz). For evoked LDF quantification, averaged data across runs were low-pass
filtered with a 2-Hz cut-off frequency, and differences (ALDF) from their baseline value
(averaged over the 120-s pre-stimulus period) were obtained. Finally, ALDF signals were
summed during the stimulation periods, and divided by the data sample rate (1 kHz) to
evaluate the magnitude of the evoked blood flow responses.

2.4.4. Baseline neuronal activity assessment—We used a 500-ms period prior to
the stimulus onset in the LFP recordings obtained from EPL to assess baseline activity. In
each rat, power spectra were computed for each condition using a multi-taper method with a
time-bandwidth product of 3 and 5 tapers found in the Chronux MATLAB toolbox (http://
chronux.org). The 60-Hz line noise was removed with the Chronux rmlinesc function. The
spectra were then divided into delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30
Hz), and gamma (30-90 Hz) bands and the sum of the powers was obtained for each band.
All of the frequency bands were then compared before and after drug administration and, if
different, the gamma band was further examined because it correlates well with
hemodynamic responses (Logothetis et al., 2001; Nielsen and Lauritzen, 2001; Viswanathan
and Freeman, 2007).

2.5. Group statistics

GraphPad Prism (version 8.3.1 for Windows, GraphPad Software, San Diego, California
USA) was used to perform paired t-tests and one- and two-way repeated measures ANOVAS
followed by Dunnett post-hoc tests; while Origin Pro 9 (OriginLab Corporation,
Northampton, MA) was used to perform Mauchly’s test of sphericity prior to ANOVA.
Specifically, if Mauchly’s test was significant (/1/2, p-value, and e were reported in this case)
and, thus, equal variance between pairs could not be assumed, then a repeated measures
ANOVA with a Greenhouse-Geisser correction was performed with GraphPad Prism. A
values of less than 0.05 were considered statistically significant. All data are expressed as
mean + SEM unless otherwise specified.

3. Results

3.1. LOT stimulation activated postsynaptic inhibitory granule cells preferentially

Electrical stimulation of mitral cell axons in LOT preferentially excites postsynaptic granule
cells, the most common GABAergic neurons in the olfactory bulb, via reciprocal
dendrodendritic synapses between the lateral dendrites of presynaptic mitral cells and the
spines of postsynaptic granule cells in EPL (Fig. 1A) (Chen et al., 2000; Halabisky et al.,
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2000; Isaacson and Strowbridge, 1998; Laaris et al., 2007; Schoppa et al., 1998).
Dendrodendritic synapses of inhibitory periglomerular cells in GL can also be activated by
LOT stimulation, but experimental evidence suggested that their contributions were
negligibly small (Bardoni et al., 1996; Freeman, 1974; Laaris et al., 2007; Poplawsky et al.,
2015; Wellis and Scott, 1990). In addition, the location of our stimulating electrode near
Bregma was chosen to minimize the contributions of tufted cells that have largely terminated
in more rostral brain regions (Igarashi et al., 2012). We confirmed this targeted activation by
double immunostaining for c-Fos and GADg7. While c-Fos is expressed exclusively in the
cell nucleus (Dragunow and Faull, 1989; Kovacs, 1998), GADgy stains the cytoplasm of
GABAergic cells (Erlander et al., 1991; Esclapez et al., 1994). Hoechst stain for DNA was
also used to confirm the location of nuclei for c-Fos imaging. C-Fos positive nuclei (green)
were prominent in the mitral cell layer (MCL) and GCL, with few positive nuclei in EPL
(Fig. 1B, one representative rat), which was consistent to an earlier report (Wilson et al.,
1996). The presence of c-Fos staining in the nuclei of mitral cells in MCL (*), without
concomitant cytoplasmic GADgy7 staining, was due to the direct stimulation of their axons in
LOT; similar to the few positive nuclei in EPL (>) that were presumably excitatory tufted
cells. In addition, a large population of GADg7 containing granule cells in GCL had c-Fos
positive nuclei («) for all four rats. These results support that postsynaptic inhibitory granule
cells were indeed exclusively activated via dendrodendritic synapses by our LOT-stimulation
paradigm.

Excitation of inhibitory granule cells can be further confirmed by electrophysiology. A
single-pulse stimulation of LOT suppressed, presumably, mitral and tufted cells’
spontaneous spiking activity in EPL (Fig. 1C top) (see also Fig. 4 in Wilson et al., 1996),
similar to pulse-train stimulations (Fig. 1C bottom). LFPs recorded in GCL following LOT
stimulation had the signature triphasic form (black line, Fig. 1D), whereby the first phase (1)
was suspected to be the elicited antidromic spike, the second (2) to be depolarization of the
granule cells, and the third (3) to be mediated by inhibition of mitral cells and/or other
polysynaptic responses (Mori and Takagi, 1978; Nakashima et al., 1978; Nicoll, 1969; Rall
and Shepherd, 1968; Uva et al., 2006). Suppression of the second LFP phase with a topical
application of an NBQX and APV mixture, ionotropic AMPA and NMDA glutamate
receptor antagonists, respectively, (red line) and its subsequent recovery with drug washout
(blue line) confirmed its postsynaptic origin (Wilson et al., 1996).

The optimal stimulation frequency of LOT to evoke LDF responses under isoflurane was 40
Hz, the same as with a-chloralose anesthesia (not shown). We then varied the current
intensity to examine the relationship of the LFP and LDF response amplitudes evoked by
LOT stimulation (Fig. 1E). The evoked response amplitudes increased with stimulation
current intensity; both LFP and LDF responses were smallest at =50 WA and largest at —200
MA (Fig. 1E). To quantify the relationship between LFP and LDF amplitudes, we calculated
the area under the LFP (ZLFP) and ALDF (ZALDF) signals during the stimulation period for
each stimulus current and normalized by their maxima. Stimulus current modulation showed
an exponential relationship between the evoked blood flow responses and LFPs recorded in

GCL (Fig. 1F, LDF = yo+ AeR0MF, 1= (8.61 +27.39) x 1073, A= (4.65 + 4.93) x 1074,
Ry =7.67 +1.05, R? = 0.96), indicating that a small decrease in the LFP amplitude caused a
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large decrease in the amplitude of the blood flow response. We, therefore, largely confirmed
that the postsynaptic cells activated by LOT stimulation were exclusively GABAergic that
then, in turn, reciprocally suppressed mitral cell activity.

3.2. Blockade of postsynaptic granule cell activity decreased CBVw-fMRI responses to
LOT stimulation

Our previous CBVw-fMRI studies using the same rat olfactory bulb model showed layer-
specific blood volume increases in EPL during LOT stimulation (Poplawsky et al., 2015).
Here, we topically applied 25-mM APV, an NMDA receptor antagonist, for 90 min to
pharmacologically block the postsynaptic responses of inhibitory granule cells evoked by
LOT stimulation (64 s duration, ~5-min interstimulus interval). Fig. 2A shows an image of
the cranial window with an acrylic coverslip and inlet and outlet tubes for remote topical
drug delivery. T2-weighted anatomical images of the bulb showed the location of the vehicle
or drug (blue overlay) and where it interfaced with the bulb surface (Fig. 2B, red arrows).
During the 60-min vehicle control period, evoked responses to LOT stimulation had a
typical pattern with the strongest activation in middle layers, including EPL (Fig. 2C top,
representative rat, p < 0.01 voxel- and family-wise error correction with a minimum of 22
voxels in a cluster), as previously reported (Poplawsky et al., 2015). The proportion of
activated-to-total voxels in noise regions outside of the brain (i.e., estimate of type-1 error)
was < 1% for the control condition of all rats. Furthermore, the contralateral bulb served as
an internal control since LOT stimulation primarily evoked large increased CBVw responses
in the ipsilateral bulb due to its unilateral projections. Some activations were observed at the
bulb midline that was likely residual nonspecific activation from the large midline vessels or
fMRI signal spread. When these activations were ignored, the proportion of activated-to-
total voxels in the contralateral bulb was < 1%. Interestingly, all activated voxels in the
contralateral bulb of one rat had decreased CBYV, consistent with our previous study
(Poplawsky et al., 2015), suggesting this to be true activation. Therefore, the thresholding
method chosen adequately controlled for type-1 error. When APV was applied on the dorsal
surface, CBVw-fMRI responses decreased near the site of application (Fig. 2C middle),
while fMRI responses remained intact in the regions farther away. During the 180-min drug
washout period, the evoked responses in the impacted regions mostly returned to the pre-
drug control levels with some exceptions to regions nearest to the drug application site (Fig.
2C bottom).

Next, we cross-referenced the above-threshold evoked responses to LOT stimulation during
the control period (Fig. 2D left, p< 0.01 voxel- and family-wise error corrected) with the
distance from the APV application site identified with anatomical MRI (Fig. 2D middle) to
quantify the distance-dependency of the CBVw-fMRI responses to APV (Fig. 2D right). We
then obtained fMRI time courses from bins of increasing distance (Fig. 2E, 9 slices per rat, 7
=5 rats). Time-dependent signals decreased with APV (red lines) most significantly at sites
nearest to the application site, with nearly negligible effects farther than 1.5 mm. Mean
percent signal changes due to LOT stimulation from these same voxels were statistically
tested using a one-way repeated measures ANOVA to examine the effects of APV at each
binned distance. In this study, recovery of LOT-stimulation evoked responses was defined by
the significant reversal of drug-induced effects rather than complete recovery to pre-drug
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baseline levels because complete washout of the drugs was not expected (for details, see the
Discussion). Therefore, Dunnett’s post-hoc tests were used to compare the drug period to the
pre-drug control and washout periods only (see Methods). Evoked fMRI responses during
stimulation significantly decreased due to APV at 0-1.5 mm from the drug application site
(Fig. 2F): 0-0.5 mm (-50.36 + 13.06%, F(2, 8) = 7.565, p = 0.014; Control vs. APV, p=
0.010), 0.5-1.0 mm (—46.46 £ 5.68%, F(2, 8) = 19.951, p <0.001; Control vs. APV, p <
0.001), 1.0-1.5 mm (—29.37 + 5.22%, F(2, 8) = 7.643, p=0.014; Control vs. APV, p=
0.012). While evoked fMRI responses did not significantly recover at the most superficial 0—
0.5 mm distance (APV vs. Washout, p = 0.524), they did significantly recover at the 0.5-1.5
mm distances (APV vs. Washout, 0.5-1.0 mm: p=0.013; 1.0-1.5 mm: p=0.029). No
significant effects of APV were measured beyond 1.5 mm from the drug application site
(1.5-2.0 mm, F(2, 8) = 3.531, p=0.080; 2.0-2.5 mm, F(2, 8) = 2.179, p=0.176; > 2.5 mm,
F(2, 8) = 0.842, p=0.466).

To further examine the APV effective area in higher spatial detail, we calculated voxel-wise
maps of the drug-induced changes in the evoked fMRI responses using a linear regression
analysis. Only voxels that had significant responses during the pre-drug control period
(primary GLM, p< 0.01 voxel- and family-wise error corrected) were included in the
analysis and only significant voxels in the spatial maps of APV effects (o <0.05 voxel- and
family-wise error correction with a minimum of 79 voxels in a cluster) were evaluated. The
resultant percent change maps had decreased evoked fMRI responses (i.e., blue-colored
deactivations) due to APV, which had localized effects at the drug application site (Fig. 3, A
and B, two representative rats). We did not calculate any significant deactivation for Rat 3,
although some subthreshold deactivation was noted (see also Fig. 2F, filled circles). Also, a
diminished number of significant voxels was sometimes observed in the dorsal bulb nearest
to the drug application site that was likely due to these regions not recovering completely
from the APV washout, which is a condition of this analysis (compare also Fig. 2C and 3A
second slice from left, both from Rat 2). It is noted that no deactivations were observed in
noise regions outside of the bulb or beyond 2.5 mm from the drug application site for all
rats, which confirmed adequate control of type-1 error. We further examined the temporal
dynamics (~5-min resolution) of the drug effects by averaging the percent fMRI signal
changes to each LOT stimulation for all deactivated voxels. The mean deactivation (Fig. 3C,
black line, n= 4 rats) was greatest ~30 min after APV application (gray bar) and recovered
another ~30 min following drug washout. In all, the maximum suppression effects of APV
occurred up to 1.5 mm below the drug application site within 30 min.

3.3. Blockade of postsynaptic granule cell activity decreased the blood flow responses to
LOT stimulation

The above results suggest that the CBVw-fMRI response evoked by LOT stimulation is
mediated by the postsynaptic activity of inhibitory granule cells. Although CBVw fMRI was
used to examine the depth-dependent effects of APV, it was necessary to directly compare
the neurophysiological and hemodynamic changes caused by the drug using non-MRI
techniques. First, we recorded blood volume increases to LOT stimulation by OIS imaging
at the 572-nm isosbestic point of hemoglobin (Fig. 4A — C, n= 1 rat) for direct comparison
to our CBVw-fMRI results, in addition to concurrent blood flow measurements using a
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single LDF probe. LOT stimulation caused darkening (i.e., increased light absorption or
decreased light reflection) on the dorsal surface of the bulb (Fig. 4, A and B), indicative of
increased blood volume. The amplitudes of the blood volume responses were somewhat
varied depending on the location, but the temporal patterns consistently had two peaks with
an initial fast response followed by a slower one (Fig. 4C). Although these OIS
measurements from the bulb surface were comparable to our CBVw-fMRI measurements in
EPL (Fig. 2E, see also Fig. 8 in Poplawsky et al., 2015), noteworthy differences included a
more prominent initial peak and a plateauing of the subsequent slower response before the
stimulus offset for the OIS data. In addition, the time courses of optical blood flow and
blood volume measurements were similar, except for a small sustained post-stimulus
response in the blood volume signal compared to the flow (Fig. 4D). Due to the relative
consistency of both optical measurements and the homogeneity of the signal changes
independent of the measurement location, we chose a single point LDF measurement to
reflect blood flow and volume changes in the dorsal olfactory bulb for the remainder of our
study.

Concurrent electrophysiological recordings in GCL (Fig. 4E, top, n= 8 rats) and LDF at the
bulb surface (Fig. 4F, top) showed that a train of stimulation pulses in LOT evoked LFPs and
concomitant blood flow increases in the bulb, respectively, during the pre-drug control
period (black traces). Note, LFP envelopes are shown instead of raw LFPs (inset in Fig. 4E)
hereafter for ease of comparison. Using an electrical stimulation of 40 Hz, each stimulation
pulse evoked a triphasic LFP response with negligible amplitude attenuations over 64 s.
Topical application of APV decreased LFP amplitudes and blood flow responses (red
traces); both of which recovered after washout of the drug (blue traces). To further quantify
the changes in the evoked responses due to APV, we calculated the area under the LFP
(2LFP) and ALDF (ZALDF) signals during the stimulation period for the pre-drug control,
APV-applied, and washout periods, respectively. For ZLFP, Mauchly’s test of sphericity was
significant (;(2(2) = 6.290, p= 0.043), thus equal variance was not assumed. As such, one-
way repeated measures ANOVA with a Greenhouse-Geisser correction (e = 0.606) was
conducted and a significant difference was determined (F(1.213, 8.488) = 9.707, p=0.011).
ZLFP significantly decreased by 43.82 + 15.47% with APV (Fig. 4E bottom; Control vs.
APV, p=0.044). Compared to the LFP responses, APV effects on the LDF responses were
much stronger: ZALDF significantly decreased by 84.59 + 2.63% (Fig. 4F bottom; one-way
repeated measures ANOVA, F(2,14) = 23.117, p <0.001; Control vs. APV, p <0.001). After
washout of the drug, both LFP (APV vs. Washout, p= 0.004) and LDF (APV vs. Washout, p
= 0.007) responses recovered. Spontaneous LFP signals had a significant drug effect (two-
way repeated measures ANOVA, main APV effect, F(2,14) = 17.894, p < 0.001, not shown).
Only the gamma-band was further examined since this frequency correlates well with
hemodynamic responses (Logothetis et al., 2001; Nielsen and Lauritzen, 2001; Viswanathan
and Freeman, 2007), which significantly decreased by 8.5 = 1.8% (Control vs. APV, p<
0.001) and recovered (APV vs. Washout, p <0.001). Interestingly, baseline LDF signals
remained unchanged (one-way repeated measures ANOVA, F(2,14) = 0.837, p=0.454, not
shown), suggesting that these baseline neuronal activity changes likely did not largely affect
blood flow. Since the effects of APV were similar between CBVw fMRI (Figs. 2 and 3) and
LDF (Fig. 4), we used LDF as a surrogate measure of CBVw fMRI in the following
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experiments to allow for measurements of regional blood flow and simultaneous
electrophysiology during a higher throughput pharmacological examination.

We next repeated this pharmacological study with NBQX, an AMPA receptor antagonist, in
a separate group of rats (Fig. 4, G and H, n= 6 rats). Unlike blocking NMDA receptors,
blocking AMPA receptors decreased neuronal and blood flow responses almost equally:
NBQX significantly decreased postsynaptic activities of granule cells by 83.96 + 1.49%
(Fig. 4G; one-way repeated measures ANOVA with a Greenhouse-Geisser correction
(Mauchly’s test, /1/2(2) =6.272, p=0.043, £=0.558), F(1.116,5.582) = 41.568, p <0.001;
Control vs. NBQX, p=0.002) and blood flow responses by 80.71 + 5.28% (Fig. 4H; one-
way repeated measures ANOVA with a Greenhouse-Geisser correction (Mauchly’s test,
1%(2) =9.852, p=0.007, e = 0.522), F(1.044,5.222) = 9.327, p= 0.026; Control vs. NBQX,
p=0.032) compared to the control period. After drug washout, LFP (NBQX vs. Washout, p
= 0.003) and LDF responses (NBQX vs. Washout, p = 0.005) significantly recovered.
Similar to APV, NBQX decreased the baseline neuronal activities (two-way repeated
measures ANOVA, main NBQX effect was Greenhouse-Geisser corrected (Mauchly’s test,
¥?(2) = 7.655, p=0.022, £ = 0.540), F(1.080, 5.398) = 8.668, p=0.028, not shown), and
specifically decreased the gamma-band LFP power by 10.2 £ 2.4% (Control vs. NBQX, p=
0.015; NBQX vs. Washout, p= 0.026). However, the baseline LDF signals did not change
(F(2,10) = 3.670, p=0.064, not shown). To further examine whether the vasculature directly
reacted with the antagonists, a mixture of 5-mM NBQX and 25-mM APV was applied on
the right bulb only while blood flow was measured in both the left and right bulbs. During a
~4% hypercapnic challenge, the blood flow increased similarly in both bulbs (not shown),
which confirmed that the vascular reactivity was unchanged by the drugs. Collectively, these
results suggest that postsynaptic activities, namely NMDA- and AMPA-derived
depolarizations, of inhibitory granule cells contribute to the evoked hemodynamic responses.

3.4. Blockade of astrocytic glutamate transporters did not suppress the blood flow
responses to LOT stimulation

The above results support that the excitation of postsynaptic inhibitory granule cells was
responsible for the evoked hemodynamic responses. However, the NBQX and APV
glutamate receptor antagonists could also modulate astrocytic activity by inhibiting their
glutamate reuptake (Lalo et al., 2006), and, thus, these antagonists may have interfered with
astrocytic hemodynamic regulation (Gurden et al., 2006; Petzold et al., 2008). Astrocyte
glutamate transporters, like GLAST and GLT-1, are responsible for the bulk reuptake of
extracellular glutamate in the bulb (Utsumi et al., 2001). To determine whether presynaptic
glutamate release can also increase blood flow through astrocytes, we applied 1-mM DHK
on the dorsal surface of the bulb (7= 7 rats) to inhibit the astrocyte-specific glutamate
transporter, GLT-1. DHK increased baseline neuronal activities (Fig. 5A, two-way repeated
measures ANOVA, main DHK effect, F(1,6) = 27.199, p= 0.002), specifically the baseline
gamma-band power increased by 2.86 + 0.43%, which we examined with a paired #test
since a washout period was not performed (Control vs. DHK, p <0.001, n=7 rats). In
addition, baseline LDF signals increased by 15.08 + 4.17% (Fig. 5B, paired #test, p=
0.015). Baseline LFP, and subsequently LDF, signals likely increased due to impaired
glutamate buffering. Conversely, for LOT stimulation, we observed a small 4.29 + 1.97%
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decrease in the LFP signals (Fig. 5C, paired #test, p <0.001) corresponding to a 24.15 £
9.76% increase in the concomitant blood flow response (Fig. 5D, paired £test, p = 0.039)
due to DHK. DL-threo-B-Benzyloxyaspartic acid (TBOA), which can inhibit both GLAST
and GLT-1, was not used because it depolarizes mitral cells (De Saint Jan and Westbrook,
2005; Vincis et al., 2015) and changes the basal state of the neurovascular network (Otsu et
al., 2015). However, DHK may have similar problems since it was unexpected that evoked
blood flow responses would increase with subtle decreases in LFP, possibly caused by
impaired glutamate buffering itself. Nonetheless, evoked blood flow responses did not
decrease, suggesting that astrocytes are not mediating the evoked blood flow responses to
LOT stimulation through glutamate transporters.

This finding contradicts previous reports that pharmacological blockade of glutamate
transporters using TBOA decreased hemodynamic responses to odor stimulation in the bulb
(Gurden et al., 2006; Petzold et al., 2008; but see, Vincis et al., 2015). To verify the effects
of DHK on the blood flow responses evoked by odor stimulation, we stimulated the rat with
a strong dorsal bulb activating odor, 0.8% 2-hydroxyacetophenone in mineral oil, and found
that blood flow responses were not changed significantly by DHK (Control vs. DHK for
ZALDF: 14.16 + 4.92% vs. 20.78 + 3.24%, p= 0.161, n= 7 rats). Although the reason for
this discrepancy is unclear, it may be related to differential changes in the basal state of the
circuit caused by each drug (De Saint Jan and Westbrook, 2005; Otsu et al., 2015; Vincis et
al., 2015).

3.5. Inhibition of nitric oxide synthase preferentially decreased the initial, fast component
of the blood flow responses to LOT stimulation

We next investigated the role of nitric oxide (NO) to the hemodynamic response caused by
increased inhibitory granule cell activity. NO was shown to mediate vessel dilation following
increased neuronal activity in the neocortex and cerebellum (Echagarruga et al., 2020;
Rancillac et al., 2006). We applied 1-mM L-NNA, a nonspecific NOS inhibitor, to the bulb
and measured the blood flow and electrophysiological changes. L-NNA is an irreversible
antagonist without L-arginine (Mayer et al., 1993), so a washout period was not performed.
L-NNA did not change baseline neuronal activity, including baseline gamma-band power
(Fig. 6A, two-way repeated measures ANOVA, main L-NNA effect, F(1,6) = 0.649, p=
0.451, n=T7 rats), while it decreased baseline LDF signals by 23.52 + 5.40% (Fig. 6B,
paired ttest, Control vs. L-NNA, p = 0.004), presumably due to vasoconstriction induced by
the inhibition of baseline NO release. The mean evoked LFP (Fig. 6C) and LDF (Fig. 6D)
responses also decreased with L-NNA application. However, the fast, initial blood flow
response appeared to be preferentially inhibited compared to the second, slower phase; thus,
we analyzed them separately. The evoked LFP responses decreased similarly for the initial
(Fig. 6E top, 0 — 10 s, paired #test, 11.09 + 1.86%, p= 0.001) and later (Fig. 6E bottom 10 —
64 s, 11.01 + 1.99%, paired ~test, p=0.002) phases. Conversely, the initial LDF response
decreased by 47.17 + 10.18% (Fig. 6F top, 0 — 10 s, paired #test, p= 0.008), while the later
phase decreased by 19.54 + 12.20% although it did not reach statistical significance (Fig. 6F
bottom, 10 — 64 s, paired #test, p=0.301). Therefore, NO signaling may be contributing
more to the initial, fast neurovascular response compared to the later, sustained response.
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3.6. Blockade of vasoactive intestinal peptide receptors did not suppress the blood flow
responses to LOT stimulation

Neuropeptides are often co-released with GABA. Among them, vasoactive intestinal peptide
(VIP) was found to dilate vessels in slice preparations (Cauli et al., 2004). Therefore, we
applied a VIP receptor antagonist, VIP (6-28), to the bulb surface and tested whether it
altered blood flow responses. A 0.1-mM VIP (6-28) solution did not change baseline
neuronal activity, including baseline gamma-band power (two-way repeated measures
ANOVA, main VIP (6-28) effect, F(1,5) = 1.555, p=0.268, n= 6 rats, not shown), and
baseline LDF signals (paired #test, Control vs. VIP (6-28), o= 0.174, not shown). Similarly,
the antagonist had no significant effect on evoked LFPs (Fig. 7A, paired £test, p=0.092) or
blood flow responses (Fig. 7B, paired #test, p = 0.686) compared to the control period.

3.7. Blockade of presynaptic GABA release decreased blood flow responses to LOT

stimulation

Lastly, we examined the effects of GABA on the hemodynamic response to LOT stimulation
by applying 10-mM baclofen, a GABAg autoreceptor agonist, to suppress granule cell
GABA release. While baclofen strongly inhibited GABA release from granule cell spines, it
also mildly inhibited glutamate release from the lateral dendrites of mitral cells (Isaacson
and Vitten, 2003). Therefore, a slight reduction of evoked LFPs by LOT stimulation was
expected with baclofen application. Indeed, baclofen reduced the LFP responses by 16.73 +
2.36% (Fig. 7C, one-way repeated measures ANOVA, F(2,16) = 44.566, p <0.001; Control
vs. Baclofen, p <0.001, 7= 9 rats) and LDF responses by 55.28 + 7.23% (Fig. 7D, one-way
repeated measures ANOVA, F(2,16) = 30.244, p <0.001; Control vs. Baclofen, p <0.001).
However, the evoked LFP (Baclofen vs. Washout, p= 0.166) and LDF responses (Baclofen
vs. Washout, p=0.755) did not recover with washout; although they appeared to stabilize
rather than decrease further (see Discussion). Baclofen application also changed baseline
neuronal activity (two-way repeated measures ANOVA, main baclofen effect was
Greenhouse-Geisser corrected (Mauchly’s test, ;(2(2) =9.815, p=0.007, £=0.570),
F(1.140, 9.122) = 13.203, p= 0.004, not shown), specifically the gamma-band decreased by
5.90 + 1.89% (Control vs. Baclofen, p=0.019), that did not recover with drug washout
(Baclofen vs. Washout, p=0.961). Baseline LDF signals did not change (one-way repeated
measures ANOVA, F(2,16) = 0.106, p = 0.900, not shown). Nonetheless, response decreases
with baclofen possibly indicates that GABA release is necessary for the hemodynamic
response to LOT stimulation, although a concomitant decrease in GABAergic postsynaptic
activity is a plausible alternative.

4. Discussion

We examined the role of inhibitory neurons to neurovascular coupling using the same layer-
specific rat olfactory bulb model that we previously described, whereby elicited
hemodynamic responses were confined to EPL (Poplawsky et al., 2019a, 2015). In the
present study, we confirmed that stimulation of LOT preferentially activated inhibitory
granule cells through dendrodendritic synapses (Fig. 1). During simultaneous fMRI and
topical pharmacology, we found localized (up to 1.5 mm below the bulb surface) decreases
in the CBVw-fMRI responses to LOT stimulation with postsynaptic blockade of granule cell
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NMDA receptors, which recovered following drug washout (Figs. 2 and 3). We
independently replicated these findings without fMRI to show concomitant LDF blood flow
and LFP decreases to NMDA and AMPA receptor antagonists (Fig. 4), supporting that
postsynaptic activation of inhibitory granule cells is necessary for the observed functional
hyperemia. Interestingly, blockade of GABA release from granule cells significantly
decreased blood flow, although a similar LFP decrease was also observed (Fig. 7, C and D).
We further determined that glutamate reuptake by astrocytes (Fig. 5), NO (Fig. 6), and VIP
(Fig. 7, A and B) did not contribute considerably to the evoked hemodynamic responses,
particularly to the slower portion, despite a putative presence of GABAergic cells in rat EPL
containing VIP (Gall et al., 1986; Miller et al., 2014). We did observe, however, a relatively
larger contribution of NO to the initial, fast blood flow response compared to the later phase.

4.1. Role of astrocytes in neurovascular coupling of inhibitory neurons

Neurovascular coupling has been extensively examined in the olfactory bulb glomerular
model. In contrast to our LOT-stimulation model, previous studies postsynaptically activated
both excitatory mitral cells and inhibitory periglomerular cells, thus, making it difficult to
assess the contributions of each neuron type to the hemodynamic response. In addition,
conclusions from the glomerular model were controversial on whether neurovascular
coupling was initiated by presynaptic glutamate detection by astrocytes (Gurden et al., 2006;
Petzold et al., 2008) or by astrocytic activity initiated by the postsynaptic neuron (Otsu et al.,
2015). Because our results support hemodynamic responses initiated by postsynaptic activity
of inhibitory neurons (Figs. 2— 4) and not by astrocyte glutamate reuptake (Fig. 5), we
further tested whether astrocyte involvement could be unique to the glomerular model using
our experimental procedures. Therefore, we examined the effects of DHK on blood flow
responses to a relatively strong odor stimulation (~0.8% wi/w), but did not find a significant
effect. Some of the disparity between astrocytic and neuronal postsynaptic mechanisms
could be accounted for by non-hemodynamic contributions to the OIS signal (Vincis et al.,
2015), indirect changes in neuronal activity caused by an astrocyte glutamate transporter
blocker, such as TBOA (De Saint Jan and Westbrook, 2005; Otsu et al., 2015; Vincis et al.,
2015), absence of astrocyte mGIuRS5 in adult rodents (Sun et al., 2013), or stimulus-specific
activation of single vs. multiple neighboring glomeruli (Chaigneau et al., 2007; Jukovskaya
et al., 2011; Petzold et al., 2008). Furthermore, delayed and prolonged hemodynamic
responses were not predicted well by neuronal activity (Aydin et al., 2020) but by astrocytic
activity (Schulz et al., 2012); thus, we cannot rule out astrocyte involvement through
secondary mechanisms independent of glutamate detection, such as potassium buffering
(Filosa et al., 2006; Girouard et al., 2010; Witthoft et al., 2013) or ATP detection (Mishra et
al., 2016; Wells et al., 2015), both of which depend on postsynaptic activity. Alternatively,
our gradual rise-to-peak responses (e.g., Fig. 2E) may be related to the slow and long-lasting
kinetics of dendrodendritic inhibition, which depends on NMDA receptor activation on
granule cells (Isaacson and Strowbridge, 1998; Schoppa et al., 1998). Clearly, more studies
are needed to determine whether neurovascular coupling mechanisms of excitatory and
inhibitory neurons are different, and whether astrocytes play a role.
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4.2. Role of NOS in neurovascular coupling of inhibitory neurons

NOS inhibition had a stronger effect on the initial, fast blood flow response compared to the
later, sustained phase. NOS positive staining is primarily found in periglomerular and
granule cell bodies in GL and GCL, respectively, as well as other sparsely-stained inhibitory
interneurons with cell bodies in EPL and GCL (Kishimoto et al., 1993; Kosaka and Kosaka,
2007; Spessert et al., 1994; Weruaga et al., 2000). This matches well with the laminar
distribution of tonic NO production imaged in olfactory bulb slices, with the highest NO
signals found in GL and GCL that were weaker in EPL (McQuade et al., 2010). Although
periglomerular cells are not activated much by LOT stimulation (Bardoni et al., 1996;
Freeman, 1974; Wellis and Scott, 1990), NOS containing granule cells are expected to be
evoked. But, it is unknown whether their apical dendrites contain NOS or whether NO is
released by activated granule cell spines in EPL through comparable functional coupling of
NOS to the NMDA receptor signaling complex observed else-where (Aoki et al., 1997;
Hardingham et al., 2013; Husi et al., 2000). Similar to our observations, NOS inhibitors only
slightly affected hemodynamic responses evoked by somatosensory stimulation (Lecrux et
al., 2011; Vazquez et al., 2018) (but see, Stefanovic et al., 2007), although direct activation
of NOS neurons in the primary somatosensory cortex evoked vasodilation (Krawchuk et al.,
2020; Lee et al., 2020b). Nonetheless, since the initial CBF and CBVw fMRI responses are
less specific to the evoked layer compared to later components (Jin and Kim, 2008), our data
suggest that NOS may control transient penetrating arteriole dilation. It is noted that other
vascular pathways cannot be ruled out since L-NNA inhibits both neuronal and endothelial
NOS. Considering the diversity of GABAergic interneurons and the incomplete effect of
NOS blockade on functional hyperemia in the current study, it is not surprising that other
neurovascular signaling pathways exist (Hosford and Gourine, 2019) independent of NO
signaling.

4.3. Considerations for the recovery from drug effects

Response recovery following drug washout is complex and is dependent on the experimental
procedures and the chemical properties of the drug (see Methods section). For baclofen, both
neuronal activity and blood flow responses did not significantly recover with washout, yet
both responses also remained steady between drug and washout periods (Fig. 7, C and D).
Furthermore, the fMRI measurements (Fig. 2E and F) consistently showed that the
amplitude of drug effect was maximal at the drug application site and lessened with
increasing distance; and that fMRI response recovery with washout was poorest at the drug
application site and improved at intermediate distances (~0.5-1.5 mm). Therefore, recording
at the surface, where the LDF measurements were biased, was optimized for detecting drug
induced decreases in blood flow but not recovery. Finally, the CBVw-fMRI responses in
regions distal to the drug application site did not differ much between the three conditions
(Fig. 2, E and F, > 2.5 mm columns), suggesting that nonspecific procedural confounds (e.g.,
repeated LOT stimulation, duration of anesthesia, etc.) did not contribute much to the
response decreases during drug application. Together, these support that the response
changes with drug application were specific to the drug effects and that, likely, the drug was
still acting in EPL during the washout period when responses did not completely recover.
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4.4. Time course differences between CBVw-fMRI and LDF responses

Time-dependent hemodynamic responses evoked by LOT stimulation were similar between
LDF (Fig. 4F) and CBVw-fMRI measurements (Fig. 2E, 0-0.5 mm); thus, LDF was a good
approximation for fMRI. However, for fMRI measurements, the initial peak was less
distinct, and the second phase had a slower rise-time and later peak compared to LDF. These
observations likely reflected differences in the vascular compartments that each technique
was more sensitive to. Specifically, LDF measurements can be biased toward upstream
vessels above EPL, including larger, nonspecific pial vessels; although it is also sensitive to
changes within EPL since most of the signal comes from 0 to 0.5 mm below the brain
surface (Fredriksson et al., 2009). Conversely, CBVw-fMRI measurements are less sensitive
to these larger vessels due to increased magnetic susceptibilities and baseline signal dropouts
caused by MION (Kennan et al., 1998; Mandeville et al., 1998; Poplawsky and Kim, 2014;
van Bruggen et al., 1998). Furthermore, fMRI responses evoked by LOT stimulation can be
biased toward smaller, local vessels that dilate approximately 100 pum beyond the evoked
synapses in EPL (Poplawsky et al., 2019a). It is controversial whether capillaries near the
synapse dilate considerably (Rungta et al., 2018), although fMRI may be sensitive to even
small dilations because it integrates changes over the entire vessel population within the
voxel. Interestingly, the temporal profile of the LDF signal during baclofen application (Fig.
7D red line) was similar to the fMRI time courses (Fig. 2E), especially when comparing the
slow, prolonged rise of the second signal phase. It is intriguing to speculate whether GABA
release in EPL can trigger vascular backprop-agation to nonspecific surface vessels (Chen et
al., 2014; ladecola et al., 1997; Longden et al., 2017; Tian et al., 2010) without affecting
local vessels.

4.5. Synaptic vs. optogenetic activation of inhibitory neurons

In the current study, we examined the contributions of synaptically driven inhibitory neurons
to the hemodynamic response, which is in contrast to studies that elicited inhibitory neuronal
activity through ChR2 (Anenberg et al., 2015; Uhlirova et al., 2016; Vazquez et al., 2018), a
genetically-modified nonselective cation channel gated by light. Although both results show
that activation of inhibitory neurons increases hemodynamic responses, synaptic activation
is important because our results and previous studies imply that hemodynamic responses
were mediated by calcium entry, since blocking postsynaptic NMDA receptors impaired
sensory-stimulation evoked hemodynamic responses as much as blocking AMPA receptors
(Gsell et al., 2006; Nielsen and Lauritzen, 2001). Therefore, the permeability of ChR2 to
calcium (Nagel et al., 2003) can bypass NMDA receptor-dependent calcium signaling or
change the relationship between the synaptically evoked LFP and the hemodynamic
response (lordanova et al., 2015). Second, our previous fMRI results in the olfactory bulb
showed that the location of blood volume increases was specific to the active synapse.
Particularly, we observed peak CBVw-fMRI changes at the distal synapses in EPL and at the
proximal synapses in GCL of the same inhibitory granule cells when these precise synapses
were independently targeted with LOT and anterior commissure stimulations, respectively
(Poplawsky et al., 2019b, 2015). This indicated that neurovascular signaling units are
compartmentalized, possibly within the dendritic spines or equivalent microdomains, that
may not transmit over the entire neuron. Currently, ChR2 is distributed throughout the
neuronal membrane and is not specific to the synapse, which may initiate other nonspecific,
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calcium-dependent processes that confound synaptic neurovascular coupling. Nonetheless,
targeted stimulation of inhibitory neurons by both synaptic activation and ChR2 can initiate
hemodynamic responses, independently validating the role of these neurons in neurovascular
coupling.

4.6. Generalizations to characteristic neurovascular coupling

The cytoarchitecture and function of the olfactory bulb (Nagayama et al., 2014) differ from
other sensory cortices and raises the concern of whether these results are generalizable to the
neocortex. Namely, there are more GABAergic than excitatory neurons in the bulb (Lledo et
al., 2008) and synaptic transmission often occurs through reciprocal dendrodendritic
synapses (Schoppa et al., 1998), which we retrogradely activated. The vascular topography
of the bulb also has some contrasting features compared to the primary somatosensory
cortex (Blinder et al., 2013; Lecoq et al., 2009; Poplawsky et al., 2019a). Despite these
differences, the metabolic regulation of blood flow seems consistent between the bulb and
other sensory cortices, whereby the microvascular density parallels the cytochrome oxidase
activity across layers (Borowsky and Collins, 1989; Weber et al., 2008) and baseline Py
levels of microvessels in GL are similar to those in somatosensory cortical layers (Lyons et
al., 2016). The anatomically specialized features of dendrodenritic synapses also have many
similar functional aspects as axodendritic and axosomatic synapses of the neocortex with
regards to synaptic transmission (see Schoppa et al. (1998) for a related discussion).
Therefore, neurovascular principles are likely maintained between the bulb and other
sensory cortices, although variations in metabolic and vascular dynamics should be
considered between functionally distinct brain regions with unique cellular compositions.

Our LOT stimulation, and those of other optogenetic studies, evoke a more energetic state in
the inhibitory neurons compared to peripheral stimulation. For instance, cytochrome oxidase
activity is smallest in GCL, where the granule cell bodies reside, suggesting that inhibitory
neurons are metabolically more efficient in their natural state. This is consistent to the
observation that the smallest BOLD and CBVw fMRI responses evoked by odor stimulation
isin GCL (Li et al., 2014; Poplawsky et al., 2015), despite having the largest gamma-band
LFP responses (Li et al., 2014). Further, estimates of oxygen metabolism for inhibitory
neurons in the primary somatosensory cortex suggests they have a relatively small impact on
the overall tissue metabolic load (Vazquez et al., 2018). To clarify this issue, an oxygen
consumption study is needed to examine how inhibitory neurons couple to the vasculature at
varying metabolic levels.

4.7. Assessment of circuit and vascular dynamic changes due to pharmacology

The association between LDF and LFP measurements to LOT stimulation for each drug is
shown in Fig. 8. Here, most agents had a significant effect on the evoked LFPs validating
that these drugs diffused through the dura mater. The only exception, VIP(6-28), was not
expected to change neuronal activity (Lecrux et al., 2011), but ineffective penetration is
possible due to its high molecular weight. Although the primary purpose of Fig. 8 was to
summarize the results, we observed an exponential relationship similar to the stimulus-
amplitude curve (Fig. 1F). This cautions us that pharmacological alteration of in vivo neural
network dynamics can cause parallel hemodynamic changes, even if the specific pathway
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tested has no direct role in neurovascular coupling. In particular, we observed blood flow
decreases to baclofen, a presynaptic GABA-release blocker, suggesting that GABA may
initiate functional hyperemia by astrocytic GABA reuptake (Doengi et al., 2009).
Alternatively, manipulation of the excitatory-inhibitory balance by baclofen may have
indirectly decreased the evoked LFPs and, subsequently, reduced hemodynamic responses.
Therefore, caution should be used when considering the role of GABA release to
neurovascular coupling from the current results. As this pertains to our main conclusion, we
do not believe that network dynamic changes caused by indirect effects of the NMDA and
AMPA receptor antagonists could cause the large decreases in the evoked hemodynamic
responses. Specifically, we relied on a relatively simple neural circuit where a single
population of inhibitory neurons was preferentially and directly targeted by LOT stimulation
(Bartel et al., 2015; Laaris et al., 2007). Additionally, the evoked dendrodendritic synapses
reciprocally inhibit the mitral cells, which limit the spatial extent for excitatory propagation
to other synapses (Xiong and Chen, 2002). Therefore, these antagonists were preferentially
acting at the first relay of a relatively isolated circuit, while glutamate release was preserved
or enhanced by presynaptic disinhibition.

Interestingly, the AMPA receptor antagonist caused a twofold ZLFP decrease compared to
the NMDA receptor antagonist, while the ZALDF decreases were similar. The larger ZLFP
decrease by the AMPA receptor antagonist indicates that NMDA receptors were likely also
inhibited by this drug, since the release of magnesium blocks on NMDA receptors is
facilitated by AMPA receptor activity (Chen et al., 2000). As for the similar ZALDF
decreases, this may be due to the slow-rise stage of the exponential relationship; or could
indicate a calcium dependency for hemodynamic coupling (Lauritzen, 2005) since NMDA,
and not AMPA, receptors mediate intracellular calcium increases (Chen et al., 2000;
Halabisky et al., 2000; Isaacson and Strowbridge, 1998; Schoppa et al., 1998). In other
words, the additional depolarization of granule cells by AMPA receptors may not contribute
much to these hemodynamic responses due to their lesser association with calcium
signaling. It is important to note that APV may act directly on NMDA receptors located on
endothelial cells to inhibit functional hyperemia (Hogan-Cann et al., 2019; Lu et al., 2019),
although we did not observe significant baseline LDF changes with the antagonist.

5. Conclusions

We conclude that postsynaptic activation of inhibitory granule cells, and not presynaptic
action potentials or glutamate release alone, is necessary to elicit the hemodynamic response
to LOT stimulation; and that NOS may be involved in the initial, but transient, vascular
responses. Specifically, calcium influx associated with activation of granule cell NMDA
receptors may underlie the synapse-specific CBVw fMRI responses to LOT stimulation that
we previously observed (Poplawsky et al., 2019a, 2015).
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Fig. 1. LOT stimulation targetsinhibitory granule cell activation.
(A) Schematic of the stimulation paradigm. Axons of excitatory mitral cells (MC) in MCL

form the white matter tract, LOT. Electrical stimulation of LOT produces antidromic action
potentials that return to the mitral cell bodies and excite inhibitory granule cells (GC, bodies
in GCL) via reciprocal dendrodendritic synapses in EPL, where glutamate and GABA
release sites are closely apposed. At the reciprocal synapses, glutamate (glu, black circles) is
released from the lateral dendrites of MCs onto the GC spines (white arrow) and GABA
(white circles) is released from the same spine back onto the lateral dendrites (black arrow).
An astrocyte hypothetically bridges the dendrodendritic synapse and microvessel. (B) Triple
immunohistochemical histological staining (Hoescht for all cell nuclei, GADg7 for
inhibitory neurons, c-Fos for nuclei with increased metabolism, overlay: white square
regions on GADG67 and c-Fos images are overlaid and enlarged) verifies that LOT
stimulation (10-s pulsed train of =150 YA, 100-ps duration, 40-Hz pulses; 30-s interstimulus
interval for 90 min) increased c-Fos activity in inhibitory GCs located in GCL («, green c-
Fos positive nuclei, red cytosolic GADg7 positive). MCs in MCL (*, GADg7 negative) also
had increased c-Fos activity due to direct stimulation; similar to a few tufted cells in EPL (>,
GADg7 negative). Dendrodendritic synapses of periglomerular cells (PG) were not activated
much by LOT stimulation. 100-um scale bar. (C) (Top) LOT stimulation (black horizontal
bar) caused a prolonged (~100 ms) suppression of spontaneous MUAs in EPL/MCL (single
sweep), indicating that inhibitory processes are preferentially evoked. (Bottom) Spike raster
plots for 5 runs. Spontaneous spiking activity recorded from EPL is suppressed during a 30-
s, 40-Hz LOT stimulation. (D) Single-pulse stimulation of LOT (vertical gray line, a
negative rectangular stimulus pulse with a 200-puA amplitude, 100-ps duration, and 1-Hz
frequency, average of 100 runs) evoked a signature triphasic LFP in GCL (black line). The
amplitudes of the second and third phases decreased with dorsal application of ionotropic
glutamate receptor antagonists (red line, a mixture of 5-mM NBQX and 25-mM APV for
120 min) that recovered with drug washout (blue line, 120 min), verifying that these LFP
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phases originate from postsynaptic granule cell depolarization. The gray line shows the
electrical stimulus artifact (arrowhead) caused by LOT stimulation after euthanasia. The
gray vertical tick indicates stimulus onset. Traces are averages of 100 runs. (E) LOT was
stimulated for 30 s at either =50 (blue trace), =100 (red), or =200 pA (black) in a
pseudorandomized order (40 Hz, 100-us pulse width) every 120 s and repeated five times for
each current. Time courses of LFP (top) and LDF responses (bottom) are averaged over 5
rats. (F) Relationship between the evoked LFP amplitude and LDF responses in E. Both
LDF and LFP data obtained from individual currents were normalized by their values
obtained at —200 pA. The sum of the area under the LDF responses has an exponential
relationship with the sum of the area of LFP responses during LOT stimulation. Error bars,
SE.
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Fig. 2. CBVw-fMRI responsesto LOT stimulation decreased as a function of distance from the
APV application site.

The purpose of 25-mM APV application was to block NMDA receptors on inhibitory
granule cells and decrease their postsynaptic activity (n=5 rats). (A) Remote application
and washout of APV. Magnified image of the sealed chamber over the right olfactory bulb
that contained the craniotomy with intact dura. Saline vehicle or APV was gravity fed
through a 1.5 m inlet tube that flowed over the exposed bulb and exited through a second
outlet tube in the direction of the white arrows. (B) Fast spin-echo anatomical image of the
rat olfactory bulb showing the interface (red arrows) between the sealed chamber containing
the saline or drug (blue) and the bulb. EPL anatomically forms a ring in coronal slices,
which was approximately outlined by the dotted white lines using GL and MCL as guides
since these layers appear hypointense in the T2-weighted images. Sensitivity decreases away
from the 10-mm inner-diameter surface coil limit the accuracy of the EPL delineation in
ventral bulb. (C, left column) CBVw-fMRI activation maps (o <0.01 voxel-wise and family-
wise error corrected; 1 of 9 slices shown) to LOT stimulation during control (11
concatenated LOT-stimulation runs, df = 1663; first row), 90-min APV application (17 runs,
df = 2575; second row), and 180-min washout periods (32 runs, df = 4855; third row) from a
representative rat (Rat 2). (C, right column) Expanded view of the dorsal surface of the bulb
from the same position marked by the green rectangle in the control image. See the
disappearance of dorsal fMRI activations nearest to the drug application site (blue) after
APV application and its recovery following drug washout (marked by *). Note, farther fMRI
activations remained intact for these three conditions, confirming that topical drug
application only had a local effect. (D) fMRI activation maps to LOT stimulation during the
control period (left, p< 0.01 voxel-wise and family-wise error correction, 2 of 9 slices
shown, 10 concatenated runs, df = 1511, example data from Rat 4) were binned by the
shortest Euclidean distance from the drug contact at the bulb surface (middle) to generate
fMRI activation maps as a function of distance from the drug application site (right). (E)
Mean time courses and (F) mean percent signal changes from all 9 slices for control (black
traces), 25-mM APV (red), and washout (blue) periods at different binned locations (see
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examples in D, n=5 rats). Linked circles in all bar graphs represent data from individual
rats. NB: Rat 3 had the smallest responses evoked by LOT stimulation during the control
period (filled circles in F; see also Fig. 3). * p <0.05, ** p <0.01, n.s. not significant. L:
left, R: right, A: anterior, P: posterior, D: dorsal, V: ventral.
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Fig. 3. Voxel-wise and temporal effects of APV on evoked fMRI responses.
Spatial mapping of APV effects using a linear regression analysis: Response variable,

primary GLM fMRI percent change maps to individual LOT stimulations in time; predictor
variable, simple block design whereby the pre-drug control and washout periods were “off”
conditions and the 25-mM APV application period was “on”. Therefore, a condition of the
analysis was that the responses following washout recovered to the same level as the pre-
drug control. Only voxels that had significant responses evoked by LOT stimulation during
the pre-drug control period (p < 0.01 voxel- and family-wise error corrected) were included
in this analysis and only voxels significantly affected by APV were shown (A — B) or
analyzed further (C) (p <0.05 voxel- and family-wise error corrected). (A — B) Percent
change maps due to APV calculated in Rats 2 (A, df = 62) and 4 (B, df = 61). These
representative rats both showed deactivation due to APV confined to regions proximal to the
drug application site, but with varying degrees of deactivation at the dorsal surface of the
bulb, likely due to differences in the degree of recovery from APV. No significant voxels
were observed in Rat 3 (see also Fig. 2F, filled circles), but subthreshold deactivation was
noted. No deactivations were observed anywhere in the bulb beyond 2.5 mm from the drug
application site or in noise regions outside of the bulb, which confirmed adequate control of
type-1 error. (C) Average individual (colored lines) and group (black line, 7= 4 rats) time
courses of the significant voxels from all 9 slices.
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Fig. 4. Blood flow responses evoked by inhibitory neurons decreased with glutamate receptor

antagonists.

The purposes of the separate application of 25-mM APV (E — F) or 5-mM NBQX (G - H)

were to block NMDA or AMPA receptors on inhibitory granule cells, respectively, and

decrease their postsynaptic activity (77 = 8 rats for APV, n= 6 rats for NBQX). (A) Baseline
optical intrinsic signal (O1S) image showing location of LDF probe tip near location “1” and
an OIS region for comparison to LDF responses in D (white circle, radius = 10 pixels, ~125-
160 um depending on magnification). A metal electrode for electrophysiological recordings
appeared as a gray shadow with its tip near location “5”. Scale bars in A and B, 1 mm. (B)
Average 572-nm OIS image during LOT stimulation (0-64 s after stimulus onset). (C) OIS
time courses from seven locations across the bulb indicated in A. Decreased signal with
stimulation indicates blood volume increases (vasodilation or increased total hemoglobin
content). (D) Average of the concurrent OIS (gray) and LDF (black) measurements from 8
rats. To examine the dynamic properties of the CBF and CBV changes, their mean time
courses were normalized by their peak intensities. Note that LDF data were down-sampled
to a 2-Hz resolution in the same way as OIS. (E — F) Mean time-dependent LFP signals
measured in GCL (E, top) or LDF relative changes (ALDF) measured on the bulb surface (F,

top) to 64-s trains of LOT stimulation and the means of the sums of the area under the

curves for LFP (ZLFP) (E, bottom) or ALDF (XALDF) (F, bottom) signals for the entire 64-s
LOT stimulation during pre-drug control (black), APV-applied (red) and washout (blue)
periods. Both LFP and LDF responses significantly decreased with APV application. (Inset
in E) raw LFP signals (gray traces) and its envelope (black traces). Horizontal and vertical
bars, 64 s and 1 mV, respectively. (G — H) Mean time-dependent LFP (G, inset) or ALDF (H,
inset) signals and mean evoked ZLFP (G) or ZALDF (H) signals during LOT stimulation for
pre-drug control (black), NBQX-applied (red), and washout (blue) periods. Both LFP and
LDF responses significantly decreased with NBQX. Horizontal and vertical bars in G inset,

64 s and 2 mV, respectively. Horizontal and vertical bars in H inset, 64 s and 0.8 (a.u.),

respectively. * p <0.05, ** p <0.01, a.u. arbitrary units.
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Fig. 5. Glutamate reuptake by astrocytes contributed little to the evoked blood flow response.
The purpose of 1-mM DHK application was to block glutamate transporter-1 and inhibit

glutamate reuptake by astrocytes (7= 7 rats). (A) Mean power spectra of baseline LFPs
during control (black) and application of DHK (red). Mostly low-gamma frequencies (30-50
Hz) significantly increased with DHK. (B) Baseline LDF signals significantly increased with
DHK. (C - D) Mean time-dependent LFP (C, top) or ALDF (D, top) signals and mean LFP
(C, bottom) and ZALDF (D, bottom) responses to LOT stimulation for pre-drug control
(black) and DHK application (red) periods. DHK slightly decreased the evoked LFP
responses, but did not suppress the evoked LDF responses. * p <0.05, ** p <0.01, a.u.
arbitrary units.
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Fig. 6. Nitric oxide contributed moreto theinitial, fast blood flow response.
The purpose of 1-mM L-NNA application was to non-selectively and irreversibly inhibit

nitric oxide synthase in neurons and vessels (7= 7 rats). (A) Power spectra of baseline LFPs
before (black) and after a 90-min application of L-NNA (red) were not significantly
different; while (B) baseline LDF signals significantly decreased. Mean time-dependent (C)
LFP and (D) ALDF signals to LOT stimulation before (black) and after L-NNA application
(red). Note, L-NNA appeared to preferentially decrease the initial, fast blood flow response.
(E-F) Mean ZLFP (E) or ZALDF (F) responses for the initial 10-s (top) and following 54-s
(bottom) bins during LOT stimulation for pre-drug control (black) and L-NNA-application
(red) periods. ZLFP significantly decreased with L-NNA during both time bins (top and
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bottom), while ZALDF significantly decreased only during the early 0-10-s (top) and not the
later 10-64-s bin (bottom). ** p <0.01, n.s. not significant, a.u. arbitrary units.

Neuroimage. Author manuscript; available in PMC 2021 January 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Poplawsky et al.

Page 38

A = Control B — Control (&U) C — Control D — Control
= \/|P(6-28) = \/|P(6-28) == Baclofen == Baclofen .0 8
(mV) o = Washout (MV) = Washout
2 040 R 2 L
n e o 0.49
w ' <
| -
o 0 0 0 wumidgpmater] 0
60 70 120 2
50 60 100 —
< 40 3 ig 3 80
E30 i & 60
& g % s
= 20 3 20 3 40
10 10 20
0+ - - 0 - v 0 0 - .
Control VIP(6-28) Control VIP(6-28) Control Baclofen Washout Control Baclofen Washout

Fig. 7. While vasoactive intestinal peptide did not mediate the blood flow responsesto LOT
stimulation, suppression of GABA release from inhibitory granule cells decreased the blood flow
responses.

The purpose of 0.1-mM VIP (6-28) application was to block VIP receptors on neurons and
vessels and inhibit the associated vascular reactions (7 = 6 rats), while the purpose of 10-
mM baclofen application was to activate GABARg autoreceptors on inhibitory granule cells
and inhibit their presynaptic release of GABA (7= 9 rats). (A-B) For VIP (6-28), mean
time-dependent LFP (A, top) or ALDF (B, top) signals and mean ZLFP (A, bottom) or
ZALDF (B, bottom) responses evoked by LOT stimulation for pre-drug control (black) and
VIP (6-28) application (red) periods. (C-D) For baclofen, mean time-dependent LFP (C,
top) or ALDF (D, top) signals and mean ZLFP (C, bottom) or ZALDF (D, bottom) responses
evoked by LOT stimulation for pre-drug control (black), baclofen application (red), and
washout (blue) periods. Both LFP and LDF responses significantly decreased with baclofen
application, but did not significantly recover. ** p <0.01, n.s. not significant.
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Fig. 8. Summary of the LFP and blood flow response changes caused by the phar macological
agents.

S?Jmmary of the mean ZLFP and ZALDF changes to LOT stimulation during application of
the different drugs relative to the pre-drug control period. Interestingly, the AMPA receptor
antagonist (NBQX) had a greater effect on the neuronal responses to LOT stimulation
compared to the NMDA receptor antagonist (APV), yet the blood flow responses were
similar. This may be due to subthreshold neuronal activities (i.e., the slow-rising phase of the
exponential relationship) or to calcium-dependent hemodynamic response cascades initiated
by NMDA channel openings. Since an exponential relationship can been seen between the
ZLFP and ZALDF data, similar to the LOT stimulus-amplitude titration curve (Fig. 1F),
decreased blood flow responses caused by the GABAg receptor agonist (baclofen) may be
due to indirect changes in the neuronal network dynamics rather than to direct neurovascular
coupling to GABA release.
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