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ARTICLE INFO ABSTRACT

Keywords: The shape of the blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI) signal
BOLD can vary considerably even across structures of the same sensory pathway. Here, we characterized the temporal

MRI behavior of the stimulus-evoked BOLD response in the primary cortical and subcortical regions of the visual and

'\r/{mzlcourse somatosensory whisker systems in awake rabbits. Despite similar BOLD responses in the thalamic nuclei,
1su . . : . .

considerable differences in shape and duration emerged between the sensory cortices. Whereas the BOLD
Somatosensory

response in the whisker barrel cortex (WBC) was non-adaptive, BOLD in the visual cortex (V1) showed adaptation
similar to simultaneously-recorded LFP and single unit activity. Analysis of baseline neuronal activity revealed
significantly lower firing rates in V1 vs. WBC. We hypothesized that these changes point to region-dependent
differences in the inhibitory systems which shape the hemodynamic response in each structure. To test the ef-
fect of neuronal baseline level inhibition on the BOLD signal shape, we locally injected the GABA, agonist
muscimol in WBC. Adaptation emerged in the BOLD response after injection, along with an overall decrease in
baseline firing rate. These findings point to the importance of region-specific inhibitory shaping in determining

the temporal behavior of the BOLD response in different brain areas.

1. Introduction

Functional magnetic resonance imaging (fMRI) relies upon blood
oxygenation level dependent (BOLD) signal changes for mapping brain
activation in humans and animals. It has been shown that the BOLD
signal shape can vary across nodes within sensory pathways. In the visual
system, Pawela et al. (2008) showed that temporal characteristics of
BOLD signal in the primary and secondary visual cortex, superior colli-
culus, and thalamic nuclei were different in anesthetized rats, and that
the BOLD time course was more transient in cortex than in subcortical
visual structures. Similar findings were also reported in another visual
study in anesthetized rats (Bailey et al., 2013). Studies of the somato-
sensory system in anesthetized rats also showed frequency-dependent
differences in the shape and magnitude (Devonshire et al., 2012) of re-
sponses of cortical vs. subcortical regions during whisker stimulation.
fMRI of the human auditory system revealed considerable differences in
BOLD time courses among the cochlear nucleus, superior olivary com-
plex, inferior colliculus, medial geniculate body, and auditory cortical
areas (Sigalovsky and Melcher, 2006) during stimulation, with greater
differences reported between cortical and subcortical structures. Such
differences have also been reported in the auditory system of anes-
thetized rats (Cheung et al., 2012).

Comparing BOLD time course in different brain nodes, within a single
sensory pathway as well as between sensory modalities, can provide in-
formation about the functional relationship between these nodes as well
as the factors that shape the hemodynamic response. However, for
relatively short stimulus durations, the differences among BOLD time
courses within a sensory pathway can be very small. For example, the
BOLD response in awake macaque monkeys (Baumann et al., 2010) with
8 s stimulation duration showed relatively little variation across cortical
and subcortical nodes of the auditory system.

In order to characterize systematically the variation in BOLD response
across different sensory structures, we compared the time courses of fMRI
data acquired from both thalamic and cortical regions of the visual and
somatosensory systems. These regions included the primary visual cortex
(V1) and lateral geniculate nucleus (LGN), as well as the whisker barrel
cortex (WBC) and ventral posteromedial nucleus (VPM). BOLD response
was generated by using a long-duration sensory stimulation paradigm for
each modality in order to capture both the initial and sustained behavior
of the response. Experiments were performed in awake rabbits in order to
avoid potential modulation of the BOLD signal by anesthesia.

Our findings reveal significant variation among the BOLD responses
in the cortical and subcortical regions of the visual and somatosensory
pathways. The temporal behavior of the BOLD signal was quite similar at
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the thalamic level in the visual and somatosensory systems, but striking
differences emerged in the cortex. The BOLD response in V1 exhibited a
distinct initial peak followed by a decreased plateau, whereas the BOLD
response in WBC showed no plateau phase following the initial peak.
Moreover, analysis of the baseline activity in each region revealed a
substantially lower rate of baseline neuronal firing in V1, suggesting an
elevated level of baseline inhibition.

In order to examine the impact of increased baseline inhibition on the
BOLD signal, we injected the GABA, agonist muscimol locally in WBC.
This approach enabled us to enhance GABAergic activity locally while
preserving thalamic inputs to the cortex. We hypothesized that modu-
lating the inhibitory activity in WBC in this manner would decrease the
baseline neuronal firing rate and produce a greater adaptation of the
BOLD response during the sustained phase.

Our findings demonstrated that in the presence of muscimol the
baseline single unit firing rate decreased in WBC and distinct adaptation
emerged in the stimulus-evoked BOLD response. These results point to
the role of inhibitory systems in shaping the hemodynamic response and
highlight the importance of incorporating a more detailed picture of
region-specific processes into the understanding of the factors that
govern the hemodynamic response.

2. Methods
2.1. Animal Preparation

Female pigmented Dutch-belted rabbits (2-3 kg, 3-6 month of age)
were used in these experiments, which were performed in accordance
with the National Institutes of Health guidelines and NorthShore Uni-
versity HealthSystem Institutional Animal Care and Use Committee
approved protocol.

Three groups of the animals were used for the experiments. In the first
group BOLD fMRI responses to either visual (N = 12) or whisker (N=11)
stimulation were studied. In the second group neuronal responses to
either visual (N = 4) or whisker (N = 4) stimulation were recorded. In the
third group simultaneous BOLD fMRI, electrophysiology recording and
localized brain microinjections of muscimol were conducted (N =8).
Total number of rabbits was 39.

Animals were anesthetized with a mixture of ketamine (50 mg/kg)
and xylazine (10 mg/kg) and an incision was made in the scalp and the
bone exposed on the top of the skull. A light-weight head restraining
device containing four nylon bolts was implanted on top of the skull. This
headbolt was used to secure the radiofrequency (RF) coil and the ani-
mal’s head in the same position in order to obtain a constant imaging
angle and slice positioning among subjects, as described previously
(Wyrwicz et al., 2000). For neuronal recording the assembly consisting of
a silica tube (Polymicro Technologies, Phoenix, AZ) containing a bundle
of four 25 pm diameter gold-silver alloy microwires with formvar insu-
lation (California Fine Wire, Grover Beach, CA) was implanted. The
electrode materials were chosen, based on our previous evaluation, to
minimize susceptibility artifacts in MR images. These electrodes termi-
nated at different levels within a distance of 100 pm and were attached
to a permanently implanted custom-made nylon microdrive that
permitted vertical adjustments of its position. The microwires were
connected to a small 6-pin connector that was embedded in dental
acrylic. A 150 um silver wire was placed between the skull and dura
mater to serve as the reference electrode. A 200 pm silica injection can-
nula was attached to the microdrive. During implantation surgery,
lambda was positioned 1.5 mm below bregma and the stereotaxic co-
ordinates were as follows: anterior-posterior was 2 mm dorsal to bregma,
medial-lateral was 6 mm from midline, and dorsal-ventral was under
visual control for whisker barrel cortex and anterior-posterior was 7 mm
dorsal to bregma, medial-lateral was 5.7 mm from midline, and
dorsal-ventral was under visual control for visual cortex.

After a one week recovery from surgery, each subject was habituated
to the imaging environment for 3-5 days prior to the experiments. For
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each experiment the rabbits were restrained by means of a cloth sleeve
and secured in an acrylic imaging cradle by Velcro straps.

2.2. fMRI data collection and analysis

Imaging was performed using a Bruker (Billerica, MA) 9.4 T imaging
spectrometer operating at a proton frequency of 400 MHz. This system
was equipped with an Oxford horizontal magnet and an Acustar actively
shielded gradient coil assembly with a clear bore of 15 cm. A flat, circular
surface coil (20mm in diameter) was used for RF transmission and
reception. A multi-slice, single-shot gradient echo EPI pulse sequence,
with a repetition time (TR) of 2s and an echo time (TE) of 11 ms, was
used to acquire images. Coronal images in a plane perpendicular to the
surface coil were collected from eight contiguous slices (or four contig-
uous slices, in the case of muscimol experiments) 1.0 mm thickness,
which included the electrode recording site, using an 80 x 80 matrix size
and a 30 mm x 30 mm field of view (FOV), corresponding to an in-plane
resolution of 375 pm x 375 pm. The slices were positioned to include V1
and LGN for visual stimulation experiments, and the WBC and VPM for
vibrissae stimulation experiments. The rabbits received ten trials in each
experiment, during which they were presented with the stimulation
paradigm described below. The initial five images of each trial were
discarded to ensure that the BOLD signal reached equilibrium. Anatom-
ical images (512 x 512 matrix, 48 mm x 48 mm FOV, equivalent to
94 pm x 94 pm in-plane resolution) were also obtained using a multi-
slice gradient echo sequence (1.0 mm slice thickness; TR, 1.5s; TE,
20 ms, NA = 8). The fMRI data were registered using an affine method
implemented in the ITK toolkit 14. Each trial was inspected for remaining
head movement after registration, and any trials exhibiting movement
were excluded from analysis. The remaining trials were averaged for
each experiment. Activated voxels were detected using unsupervised
support vector machine (SVM) analysis. Briefly, the mapping process is
formulated as an outlier detection problem of one-class SVM that pro-
vides initial mapping results. These results are further refined by
applying prototype selection and two-class SVM reclassification, as
described previously (Song and Wyrwicz, 2009). Activated areas and
time courses were then averaged across subjects and expressed as
mean + SEM.

2.3. Stimulus presentation

Whisker stimulation was delivered by a MRI-compatible system that
incorporates real-time optical monitoring of the frequency and amplitude
to ensure consistency of the vibration stimulus, as described previously
(Lietal., 2012). We evaluated the BOLD response over a range of whisker
stimulus frequencies (the results are shown in Supplementary Fig. S1).
Based on these results a whisker stimulation frequency of 50Hz
with + 0.3 mm deflection was used for all the experiments. B1, B2, and
C1 whiskers on the left side were stimulated in each experiment. The
visual stimulation consisted of a 2 x 2 array of green LEDs (16 lux output,
delivered in a dark environment) flashing at 8 Hz delivered to the left
eye. We previously evaluated the BOLD response produced by two
different stimulation frequencies (Supplementary Fig. S2) and deter-
mined that an 8 Hz stimulation frequency produced an optimal BOLD
response in the visual cortex of Dutch-Belted rabbits. The eyelids were
held open using small tailor hooks during visual stimulation sessions. The
stimulation paradigm consisted of a non-stimulus baseline period (15
images), a stimulation period (10 images) and a post-stimulus period (20
images) or for muscimol experiments: baseline period (25 images), a
stimulation period (20 images) and a post-stimulus period (20 images).

2.4. Electrophysiological recording and microinjections
The electrophysiological signals from the microwires were fed

through a miniature preamplifier to a multi-channel differential ampli-
fier system (Neuralynx, Inc, USA). The signals were amplified, band-pass
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filtered (300 Hz-3 kHz for single units and 1-150 Hz for LFP), and digi-
tized (32 kHz/channel) using a Neuralynx data acquisition system.
Electrophysiological signals from the neuronal activity were analyzed
after removal of blocks of strong interference signals induced by gradient
pulses. These blocks were detected by thresholding followed by one-
dimensional mathematical morphology (Pratt, 1991) processing based
on erosion and dilation functions. To capture the initial neuronal activity
without interfering signals from the gradients, the stimulus onset was
delayed for 150 ms from the MR acquisition triggering pulse. Subse-
quently, unit discrimination was performed offline using threshold
detection followed by a cluster analysis of scatter plots of time and
amplitude distances between the peak and valley of individual action
potential wave shapes. The discriminated data were processed using
Neuralynx and custom software written in Matlab and Visual Basic.
Raster and peri-event histograms were constructed for each unit and
experiment. Separate histograms were constructed for before and after
injection of muscimol. In each histogram, the baseline firing rate and the
magnitude of excitatory changes were computed. Baseline firing rate was
calculated for all units. Mean single unit activity was calculated only for
units exhibiting excitatory response. The mean of excitatory response
always exceeded 1 SD of baseline after converting single unit activity to
BOLD fMRI sampling frequency (0.5Hz). Individual normalized cell
histograms (spike frequency in Hz) were pooled together for each cell
type and period of time to construct average population histograms. LFP
signal energy was computed as the integral of the signal absolute value
over non-overlapping time windows of 50 ms length outside the inter-
ference containing windows and averaged over ten trials for each
experiment. The stimulation-related changes were calculated within the
stimulation period for single units and LFP.

Muscimol (1.75nmol/pl)) was dissolved in artificial cerebro-spinal
fluid (ACSF) for injection. This concentration of muscimol was based
on our preliminary studies which showed that under this concentration
approximately 75-80% of neurons have firing frequency less than 1 Hz,
corresponding to the neuronal firing frequency in V1. All injections (1 pl
volume) were delivered through a silica tube/needle (190 pym OD and
100 pm ID, Polymicro Technologies, LLC, Phoenix, AZ) and connected to
a Hamilton syringe using transparent Tygon tubing. Equal volumes of
vehicle (ACSF) were injected in the same rabbits in randomized order
(i.e., either before or after muscimol injection) following the same pro-
cedure in order to control for potential injection-related effects. Single
units were monitored to ensure volume effect is minimized (Aksenov
et al.,, 2014). Neuronal activity was recorded before, during and after
(starting 15 min after the injection) pharmacological modulation. Based
on our previous data (Aksenov et al., 2014), 15 min is sufficient to avoid
any potential artifacts related to volume effect of the injection and to
allow muscimol to diffuse throughout the whisker barrel cortex. The
duration of the stimulation was extended for muscimol experiments in
order to better capture the temporal behavior of the BOLD response.

2.5. Statistical analysis

The statistical analysis of parameters derived from the BOLD re-
sponses was conducted using one-way factorial ANOVA (Statistica,
StatSoft, Tulsa, OK). ANOVA was followed by Tukey post-hoc analysis.
The Spearman Rank Order correlation analysis was applied to indicate
the strength and direction of a linear relationship between BOLD signals.
Fisher z-transformation was used to establish the significance (p < 0.05)
of the correlation coefficients. In order to compare the temporal re-
sponses of the BOLD and electrophysiological data in terms of their
adaptation, initial and secondary phases were defined. The initial
response was defined as a maximum during the first three time points of
stimulation. The secondary response was defined as the maximum during
last three points of the stimulation. Paired t-test was used to compare
initial and secondary response magnitudes. The duration of BOLD
response was defined as the time between the beginning of stimulation
and time at which BOLD response returned to mean baseline + standard
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deviation of mean baseline. Due to the variation in the shape of the BOLD
response, this parameter provided a more reliable measure of the
response duration than full width at half maximum (FWHM). In the
muscimol experiments, the post-stimulus undershoot was also analyzed
statistically using paired t-test. Specifically, the minimal values as well as
the total area 1 standard deviation below baseline were compared pre-
and post-injection.

The electrophysiological data were converted to the BOLD sampling
frequency (0.5Hz) for comparison between these signals. One-way
ANOVA was used to compare baselines in WBC and V1. Paired t-test
was used to compare baselines, response magnitudes, and BOLD area
before and after muscimol injection. Spearman Rank Order correlation
analysis was used to calculate the strength and direction of a linear
relationship between the BOLD signal and electrophysiological data
during stimulation, between electrophysiological data or between BOLD
responses in WBC. Fisher z-transformation was used to establish the
significance of the correlation coefficients p < 0.05). The data are pre-
sented as mean + SEM unless otherwise specified. In order to further
analyze the significance of the changes produced in the BOLD temporal
profiles by muscimol, 95% confidence intervals were used to plot the
BOLD responses in the cortical and thalamic regions, as well as before
and after muscimol and ACSF injection. Responses were normalized to
the response mean in order to suppress individual variation in BOLD
magnitude between animals (Supplementary Figs. S3 and S4).

3. Results
3.1. BOLD responses in cortical and subcortical structures

Examples of BOLD activation from single subjects during visual and
whisker stimulation are shown in Fig. 1(a-d). As expected due to the
crossing of the visual and somatosensory systems in the rabbit, all sub-
jects showed a robust BOLD response contralateral to the stimulus pre-
sentation in the cortex as well as the thalamic nuclei, which form the
primary excitatory inputs to the cortex. During visual stimulation (Fig. 1a
and b), activation was present in V1 and LGN. In addition, we observed
activation in the superior colliculi in an adjacent slice (not shown).
During whisker stimulation, activation was detected in the WBC and
VPM (Fig. 1c and d). In the cortex (Fig. 1e) visual and somatosensory
stimulation produced strikingly different BOLD temporal responses. In
V1 the BOLD response showed distinct transient and sustained compo-
nents: an initial peak followed by a decreased plateau. In contrast, the
BOLD time course in the whisker barrel cortex was non-adaptive during
stimulation, without distinct peak and plateau features. Correlation
analysis revealed no significant correlation between the BOLD responses
in V1 and WBC. In the thalamic structures (Fig. 1f), however, the mean
BOLD time courses averaged across subjects were quite similar for the
visual and somatosensory systems. These responses in LGN and VPM
were found to be strongly correlated (r =0.83, p < 0.01).

Several parameters were defined to quantify and compare the variety
of BOLD temporal responses in the cortical and subcortical regions of the
visual and somatosensory systems. These parameters, which are sum-
marized in Table 1, include initial and secondary response, defined as the
peak magnitude during the first and last three time points of stimulation,
respectively, as well as response duration.

The initial and secondary responses were compared using paired t-test
to assess variation in the shape of the BOLD response within each region.
As expected, no significant difference between initial and secondary
response was found in WBC, whereas significant differences were found
in V1 (p =0.000014), LGN (p = 0.047) and VPM (p = 0.015). Correlation
analysis was used to compare the shapes of the BOLD signal between
cortical and subcortical structures for each sensory system. No significant
positive correlation was found between the averaged BOLD time courses
in V1 vs LGN and WBC vs VPM.

Analysis of mean BOLD durations in all regions using one-factor
ANOVA showed significant main effect (p=0.016, F=3.88, df =3).
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Table 1
BOLD response parameters in cortical and thalamic structures.
V1 LGN WBC VPM
Initial response 2.28 +£0.21% 3.99 +0.56 2.594+0.26  2.24+0.24
(%)
Secondary 1.21+0.19 5.33+£0.55 2.53+0.20 3.35+0.53
response (%)
Duration (s) 27.83+1.31 32.00 £0.85 32.7+1.40 31.78+£1.02

& Mean + SEM.

Post hoc comparisons revealed that the BOLD duration in WBC was
significantly longer than in V1 but the BOLD duration in VPM and LGN
showed no significant difference.

3.2. Neuronal activity in WBC and V1

In order to compare neuronal activity in WBC and V1, LFP and single
units were recorded in 8 rabbits (4 rabbits per group). A total of 49 and
44 single units were recorded in WBC and V1, respectively. As shown in
Fig. 2, averaged LFP (Fig. 2a and b) and single unit (Fig. 2c and d) evoked
responses in both cortices exhibited an initial peak followed by adapta-
tion. The responses in V1 and WBC were strongly correlated (r =0.79,
p < 0.01 between LFP in WBC and V1; r =0.65, p < 0.05 between SUs in
WBC and V1).

In addition to the evoked neuronal responses, the baseline firing rates
in V1 and WBC regions were also analyzed (Fig. 3). The mean baseline
activity in WBC (Fig. 3a) was found to be 3.3 & 1.03 spikes/s whereas in
V1 it was 0.52 + 0.09 spikes/s. One-factor ANOVA showed significant
main effect for region factor (p<0.002, F=10.7, df=1). The

thalamus
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Fig. 1. Functional activation maps and BOLD tem-
poral profiles in visual and somatosensory systems.
Following visual stimulation, BOLD activation was
observed in the primary visual cortex (a) and LGN
(b). Vibrissae stimulation of three whiskers produced
BOLD activation in the whisker barrel cortex (c) and
VPM (d). Averaged temporal profiles were calculated
for the cortical (e) and thalamic (f) regions. Note the
well-correlated behavior of the BOLD responses in
LGN and VPM, compared to the cortical regions. In
contrast to WBC, the BOLD response in V1 shows
significant adaptation. The gray bar indicates the
timing of the stimulus presentation. The color bar
indicates the probability of activation in each voxel.

distributions of baseline firing rates in both regions were further
analyzed and are shown in Fig. 3b and c. The dominant activity in V1 was
under 1 spikes/s (82% of cells), whereas in WBC only 50% of cells
showed baseline activity under 1 spikes/s, and 20% of cells had a base-
line firing rate of more than 3 spikes/s.

3.3. Effect of muscimol on BOLD fMRI and neuronal activity

In order to test the hypothesis that the difference in baseline neuronal
activity and BOLD response adaptation in WBC and V1 is due to a lower
baseline level of inhibition in WBC, the GABA, agonist muscimol was
locally injected into WBC and simultaneous BOLD fMRI and electro-
physiology recording were performed before and after injection.

As illustrated in Fig. 4, muscimol decreased the area of the cortical
BOLD response to 56.8 + 6.0% of the initial level (p < 0.004) (Fig. 4a and
b) by increasing intracortical GABA-ergic inhibition. ACSF injection did
not produce a significant change in the BOLD area (data shown in the
Supplementary Figs. S6-8). The mean BOLD response magnitude
decreased to 74.2 + 6.7% of pre-injection level (p < 0.005) (Fig. 4c and
d). In contrast, adaptation emerged in the secondary phase of the
response, which decreased significantly to 68.6 +9.2% of initial level
(p < 0.03). The correlation between the BOLD responses before and after
muscimol injection became non-significant. ACSF injection did not pro-
duce significant changes either in mean or maximum BOLD response
magnitude. In order to rule out that the change in BOLD response shape
under muscimol was merely a consequence of the difference in activated
area, we compared BOLD responses before injection from two regions of
interest (ROIs): the entire activated region in WBC, and a ROI equivalent
to the post-injection BOLD (Supplementary Fig. S5). There was no dif-
ference in the shape of the BOLD signal between these regions, as
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Fig. 3. Baseline single unit firing in the visual and somatosensory cortices. The mean baseline firing rate was significantly greater in WBC than in V1 (a). This
difference is reflected in the distribution of baseline firing rates recorded in V1 (b) (n =44) and WBC (c) (n = 49). Note the greater proportion of cells with a higher

firing rate, particularly > 3 Hz, in WBC. The error bars indicate the SEM.

indicated by the correlation coefficient (r = 0.83, p < 0.01). The magni-
tude of the BOLD response from the smaller ROI was 19% higher
(p <0.002), as would be expected from a sub-region more closely
localized to the principal site of activation. The duration of the BOLD
response was 51.3 + 1.5s before and 46.3 + 1.4s after muscimol injection
(p <0.026). For comparison, the duration of BOLD response was
50.8 + 1.1s before and 50.4 + 1.0s after ASCF injection. No statistically
significant differences were found in the post-stimulus baseline under-
shoot of the BOLD reseponse before vs. after muscimol injection. The LFP
evoked response (Fig. 4e and f) decreased to 90.7% of the pre-injection
level (p < 0.029) after muscimol injection, and the single unit evoked
response decreased to 47.5% of preinjection level (p < 0.017).

The effects of muscimol on the baseline neuronal activity in WBC are
shown in Fig. 5. A total of 89 single units were recorded. The mean
baseline level of single unit firing (Fig. 5a) was 2.95 + 0.5 spikes/s before
injection and significantly decreased (p < 0.0002) to 0.97 + 0.2 after
injection, which represents 33% of the pre-injection level. Paired t-test
showed that the LFP baseline (Fig. 5b) decreased to 92.3 & 2.2% of the
pre-injection level following muscimol injection (p < 0.009). The pro-
portion of cells with a firing rate under 1 spikes/s increased from 40%
before injection to 76% after injection (Fig. 5¢ and d). The proportion of
cells with activity >3 spikes/s decreased from 25% before injection to

9% after injection.

Muscimol did not significantly affect BOLD response in the thalamus
(Fig. 6). Similar BOLD response to whisker stimulation was observed in
VPM before and after muscimol injection (Fig. 6a and b). The averaged
temporal profiles of the BOLD response in VPM are shown in Fig. 6¢ and
d. The mean response magnitude was 2.37 + 0.2% before injection and
2.09+0.2% after injection. The duration of the response was
50.29 + 3.0s before injection and 50.56 + 3.6s after injection. The cor-
relation coefficient of the responses before and after injection was 0.7
(p <0.001).

4. Discussion

Our results show that the characteristics of the BOLD evoked response
can vary considerably between the primary sensory cortices. During
simple visual or whisker stimulation, the BOLD responses in the LGN and
VPM correlated well with one another, whereas the responses in WBC
and V1 showed significant differences in shape and duration. The LGN
and VPM are quite similar in their organization, which likely accounts for
the consistency in their BOLD responses. Input to these structures in-
cludes the main excitatory input from the retina (LGN) or trigeminal
nucleus (VPM), corticothalamic feedback, as well as inhibitory input
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Fig. 4. Effect of muscimol on stimulus-evoked BOLD
and neuronal responses. Before muscimol injection
(a) a robust BOLD response was observed which
extended through the depth of the cortex. The acti-
vated area decreased under muscimol (b). The aver-
aged temporal profile from a region corresponding to
the post-injection area exhibited a non-adaptive
temporal profile before injection (c). Distinct adap-
tation emerged in the BOLD response under the effect
of muscimol (d). While the maximum magnitude of
the BOLD response remained unchanged, the mean
magnitude decreased under muscimol. Before injec-
tion, both LFP (e) and single units (f) had similar peak
and plateau shapes which were maintained under
muscimol (g,h), although the level of baseline and
stimulus-evoked activity decreased. The gray bars
indicate the timing of the stimulus presentation. The
color bar indicates the probability of activation in
each voxel.
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from the thalamic reticular nucleus. In terms of their architecture, the
LGN and VPM have approximately the same density of relay cells, but the
density of interneurons is higher in LGN (Cavdar et al., 2014). The dif-
ference in response magnitude between the LGN and VPM likely reflects
differences between the two stimulation modalities. However, the high
correlation of the BOLD temporal responses in LGN and VPM suggests
that they receive and process information in a similar way.

Based on the high correlation of the thalamic BOLD responses, which
constitute the main input to the primary sensory cortices, V1 and WBC
might also be expected to show similar behavior in terms of the shape and
duration of the BOLD response. However, whereas evoked responses in
both cortical regions reached the same magnitude of initial response, V1
exhibited a decreased plateau phase following the initial peak, which was
not present in WBC. Furthermore, the duration of the evoked BOLD
response was significantly shorter in V1 than in WBC or the thalamic
nuclei. It is unlikely that the longer BOLD response in WBC merely re-
flects the difference in secondary response magnitude, as the temporal
behavior of the responses in LGN and VPM was quite similar despite a
difference in magnitude. Of course, it is difficult to ensure complete
equivalence of stimuli across different sensory modalities. The visual and
whisker systems respond differently to stimulation frequency, and thus,
as described in the Methods, the frequency and magnitude of the stimulus
presentation were chosen so as to produce the optimal BOLD response in
each region. While we cannot rule out the possibility some of the vari-
ation between V1 and WBC may be related to the stimulus frequency, the
similarity of the BOLD responses in VPM and LGN, as described above,
indicate that the differences were not substantial at the level of the

thalamus. The nature of these differences in temporal behavior should
therefore correspond to the particular vascular and neuronal processes
that generate the hemodynamic response in each cortical region.

It is unlikely that intrinsic vascular differences alone account for the
difference in response adaptation that we observed in these structures.
While it has been shown that regional variations in brain capillary den-
sity (Cavaglia et al., 2001) exist, they were found mostly between hip-
pocampal regions. Wu at al (Wu et al.,, 2014). performed a direct
comparison between microvasculature in the whisker barrel and visual
cortices in mice and reported some differences in vascular density that
were restricted to specific layers. Increased microvascular density has
been associated with greater resting-state metabolic demand (Cavaglia
et al.,, 2001; Malonek et al., 1997; Weber et al., 2008) and greater
responsivity of neurons to functional tasks (Harrison et al., 2002), and
thus the vascularization in cortical regions is to some degree a static
reflection of local differences in overall neuronal activity. However, the
significant variation in temporal behavior that we observed in cortical
BOLD responses, despite similar thalamic inputs, raises the question of
how neuronal activity, via the interaction of neurons with the vascula-
ture, dynamically shapes the BOLD signal in each region.

Cortical BOLD is believed to reflect primarily postsynaptic potentials
originating from thalamocortical inputs as well as intracortical process-
ing, which further spreads and modifies the input across layers and be-
tween columns. Postsynaptic potentials correspond to the activity of
excitatory (i.e., glutamatergic) and inhibitory (i.e., GABAergic) synapses,
which produce a hemodynamic response, and thus a change in the BOLD
signal, through distinct mechanisms (Logothetis and Pfeuffer, 2004). A
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Fig. 5. Effect of muscimol on baseline neuronal activity. The mean baseline LFP
(a) and single unit activity (b) both significantly decreased after muscimol in-
jection in WBC. The distribution of baseline firing rates in WBC is shown before
(c) and after (d) local muscimol injection. Note the increase in the proportion of
cells with firing rates of 0-1 Hz under muscimol.

number of possible mechanisms have been proposed for the control of
cerebral blood flow response via glutamatergic excitation, including ni-
tric oxide (NO), the vasoactive metabolites of arachidonic acid (AA), and
K" (Attwell et al., 2010; Nippert et al., 2017). In contrast, the hemody-
namic impact of inhibitory systems can occur through direct interaction
with GABA, receptors on blood vessels (Vaucher et al., 2000) in addition
to their action upon excitatory cells. An underlying difference in the
excitatory and inhibitory systems in these regions could thus lead to a
difference in the temporal dynamics of the BOLD response, including
changes in response adaptation.

Although the excitatory architecture in the visual and somatosensory
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cortices is quite similar, it has been shown previously that translaminar
inhibition by interneurons is more prominent in V1 than in WBC (Katzel
et al., 2011). This mechanism probably ensures increased specificity to
stimuli in the columns of the visual cortex by limiting spreading of the
excitation, in contrast to the barrels in the somatosensory cortex where
spreading of neuronal activity through trans-columnar processing is
more extensive (Feldmeyer et al., 2013). The enhanced inhibitory envi-
ronment in V1, as reflected in the lower baseline neuronal firing rate that
we observed in this region, could therefore produce a more rapid decay
of the BOLD signal via a greater impact of GABA upon the local vascu-
lature. Previous studies have established that translaminar inhibition
plays a crucial role in controlling the magnitude of neuronal activity
(Olsen et al., 2012) and that the BOLD signal may depend on interneuron
function (Angenstein, 2014).

Our electrophysiological data showed that the stimulus-evoked
neuronal responses more closely resembled the BOLD response in V1
than in WBC. Moreover, analysis of the average baseline (i.e., sponta-
neous) neuronal activity revealed a much lower level of activity in V1
than in WBC. Based on these findings, we sought to test the dependence
of the BOLD signal shape on the level of baseline inhibition, as opposed to
evoked neuronal response. We hypothesized that increasing the local
level of baseline inhibition using the GABA, agonist muscimol would
elicit in the WBC a BOLD response to stimulation that more closely
resembled that in V1, with a distinct peak followed by a plateau. As ex-
pected, neuronal activity exhibited a significant decrease in both baseline
and evoked response magnitude after muscimol injection. Averaged LFP
and single unit activity maintained their peak and plateau shape, as
observed previously, which confirms that muscimol inhibited neuronal
activity without substantially changing the adaptation of these responses.
However, the BOLD response in WBC developed distinct peak and
plateau features that were not present before muscimol injection.

Although the mechanisms that drive such adaptation of the BOLD
response are not entirely known, they likely reflect a complex interplay
among both neuronal and vascular effects. From a neuronal perspective,
the BOLD response in the cortex is the product of two main contributions:
excitatory thalamocortical input and intracortical processing of this input
as it spreads within and between columns, which is modulated by
inhibitory shaping. An increase in baseline inhibition decreases excit-
atory activity associated with intracortical processing. Notably, the BOLD

BOLD signal (%)

‘ 0 60
-1 Time (s)

Fig. 6. Effect of muscimol on BOLD response in the thalamus. Similar BOLD activation was present during whisker stimulation in VPM before (a) and after (b)
localized injection of muscimol. The averaged temporal behavior of the BOLD response in this region was quite similar in magnitude and duration before (c) and after
(d) injection. The gray bars indicate the timing of the stimulus presentation. The color bar indicates the probability of activation in each voxel.
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response in the thalamus was the same before and after muscimol in-
jection in terms of area, magnitude, shape and duration (Fig. 6), indi-
cating that the thalamocortical input did not substantially change. This
finding is in agreement with Fox et al. (2003) who demonstrated via
direct recording of neuronal activity from VPM that thalamic input to the
cortex was not affected during cortical application of muscimol.

In terms of the vasculature, the hemodynamic response to stimulation
involves dilation of capillaries, arterioles and arteries via propagated
vasodilation initiated by the neuronal trigger. Like the neuronal response
to stimulation, the dynamics of the vascular response are also complex.
Longer duration stimuli show a peak and plateau response pattern, which
has been observed using optical methods as well as in the BOLD response.
This pattern has been ascribed to the behavior of the more distant pial
arteries, which tend to return to the baseline after the initial peak,
whereas the plateau phase is localized to the central region where the
response is more sustained. The amplitude of the plateau has been re-
ported to be more variable than the initial peak, which is also the case for
the BOLD response (Hillman, 2014). The venous component which
contributes significantly to the BOLD response has somewhat different
temporal behavior, with venules draining the blood with a delayed
passive dilation and longer lag than arteries (He et al., 2018). Thus, it is
possible that the secondary phase of the BOLD response reflects a greater
contribution from venous effects. Increased baseline inhibition may
change the baseline relationship between the arterial and venous com-
ponents by direct action upon vessels as well as via decreased neuronal
firing, leading to a change in the BOLD response shape.

Dissociation between the temporal behavior of the BOLD signal and
neuronal activity has been shown in many previous studies, including our
own (Aksenov et al., 2014, 2015; Kim et al., 2004; Logothetis et al., 2001;
Rauch et al., 2008). It is believed that synaptic depression as well as cell
intrinsic and inhibitory mechanisms may be the sources of neuronal
response adaptation (Kohn, 2007). A variety of models have attempted to
describe the transfer of the underlying neuronal activity into the shape of
the hemodynamic function (Buxton, 2012; Buxton et al., 2004). Our
findings here suggest that the temporal behavior of the BOLD response to
stimulation can be modulated significantly by the level of neuronal
baseline inhibition and does not necessarily correspond to the shape of
the neuronal evoked response. Neuronal baseline inhibition, as indicated
by baseline levels of GABA measured with MRS, was previously shown to
be inversely correlated with the magnitude of BOLD response (Chen
et al., 2005; Kurcyus et al., 2018) but its relationship to the temporal
behavior of the response was not examined.

In conclusion, the activity within the cortex that drives the BOLD
response involves a complex interplay between neuronal excitation and
inhibition as well as the local vasculature. The underlying processes are
not entirely understood, but our findings here indicate that regional
variations in BOLD temporal behavior depend on the local level of
baseline inhibition. The differences in the distribution of baseline
neuronal firing rates measured between the sensory cortices point to the
role of intracortical inhibition in generating the BOLD response shape.
Indeed, we were able to induce BOLD adaptation by locally increasing
the GABAergic inhibition via muscimol injection. These effects could
vary substantially from region to region in the cortex as well as subcor-
tical structures, and further work is necessary to unravel the specific
mechanisms of interaction between excitatory/inhibitory systems as well
as the vasculature.
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