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Abstract

In this work we combined optogenetics tools with high-resolution blood oxygenation level

dependent functional MRI (BOLD fMRI), electrophysiology, and optical imaging of cerebral

blood flow (CBF), to study the spatial correlation between the hemodynamic responses and

neuronal activity. We first investigated the spatial and temporal characteristics of BOLD fMRI

and the underlying neuronal responses evoked by sensory stimulations at different frequencies.

The results demonstrated that under dexmedetomidine anesthesia, BOLD fMRI and neuronal

activity in the rat primary somatosensory cortex (S1) have different frequency - dependency and

distinct laminar activation profiles. We the found that localized activation of channelrhodopsin-2

(ChR2) expressed in neurons throughout the cortex induced neuronal responses that were confined

to the light stimulation S1 region (<500 μm) with distinct laminar activation profile. However, the

spatial extent of the hemodynamic responses measured by CBF and BOLD fMRI induced by both

ChR2 and sensory stimulation were greater than 3 mm. These results suggest that due to the

complex neurovascular coupling it is challenging to determine specific characteristics of the

underlying neuronal activity exclusively from the BOLD fMRI signals.

Introduction

Functional MRI (fMRI) techniques have rapidly grown in importance to enable

characterization of the neuronal activity that occurs in the healthy brain and during

pathology at the system level. Similar to other hemodynamics-based functional brain

imaging techniques, the blood oxygenation level dependent (BOLD) fMRI signal is an

indirect measurement of the neuronal activity. The exact relationship between the neuronal

responses and hemodynamic responses remain unclear and under debates (Attwell et al.
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2002; Logothetis 2008; Vanzetta et al. 2008; Enager et al. 2009; van Eijsden et al. 2009;

Ekstrom 2010; Yen et al. 2011). Indeed, in recent years there have been great efforts to

resolve this controversial topic. The vast majority of the microscopic research is focused on

exploring the molecular factors implicated in the underlying neurovascular coupling, such as

vasoactive ions, vasoactive factors related to energy metabolism, vasoactive factors/

neurotransmitters released by neuronal activation, and the role astrocytes play in

neurovascular coupling (Lauritzen 2005; Iadecola et al. 2007; Devor et al. 2008; Koehler et

al. 2009; Lecrux et al. 2011). The majority of the macroscopic research is focused on

investigating the temporal correlation between the magnitude of the neuronal responses and

the hemodynamic responses. Studies have demonstrated that the BOLD fMRI responses are

tightly correlated to increases in local field potential (LFP) and spiking activity (Logothetis

et al. 2001; Mukamel et al. 2005; Shmuel et al. 2006; Viswanathan et al. 2007; Kim et al.

2010); on the other hand, dissociation between LFP and spiking activity to hemodynamic

responses has been reported (Caesar et al. 2003; Devor et al. 2007; Pelled et al. 2009;

Lauritzen et al. 2012). In addition, the question of co-localization between BOLD responses

and the corresponding neuronal activity remains difficult to address due to mechanism-based

limitations in the MRI methodology.

The focus of this work was to investigate whether BOLD fMRI signal can be used to deduce

about the underlying neuronal activity, and to what degree it co-localized with neuronal

activity. Until recently, electrical stimulation via electrodes was used to map and modulate

the stimulus response in the brain (Sultan et al. 2007). Optogenetics tools now enable

neuronal manipulations that are precise, reversible and cell specific (Boyden et al. 2005;

Zhang et al. 2010). These new tools provide the ability to elucidate detailed neuronal

mechanisms associated with brain function. For example, optogenetics tools are being

utilized to address questions regarding the basis of the neuronal activity that underlie the

BOLD fMRI signals that were challenging to measure before (Lee et al. 2010; Desai et al.

2011; Kahn et al. 2011; Scott et al. 2012; Airan et al. 2013; Vazquez et al. 2013).

Conventional electrical forepaw stimulations were conducted to evoke neuronal firing rate in

response to sensory afferent inputs through the thalamo-cortical circuits. We used

optogenetics as a mean to produce localized stimulation of cortical neurons via optic fibers

that have been demonstrated to not cause significant susceptibility effect that can interfere

with MRI acquisition (Lee et al. 2010; Desai et al. 2011; Kahn et al. 2011; Li et al. 2011;

Airan et al. 2013). A combination of multi-channel and micro-electrodes for

electrophysiology recordings, optical imaging of cerebral blood flow (CBF) and BOLD

fMRI were used to assess temporal and spatial characteristics of neuronal and hemodynamic

responses. The results demonstrate that the BOLD fMRI, CBF, and neuronal responses in S1

evoked by sensory stimulation are frequency-dependent, have a distinct laminar profile and

extend 3 mm along S1. The BOLD fMRI and CBF responses in S1 evoked by activation of

channelrhodopsin-2 (ChR2) resulted in responses that were similar in their spatial extent to

the one induced by conventional limb stimulation. However, the neuronal responses evoked

by ChR2 stimulation were confined to the light stimulation region which was below 0.5 mm.

Thus, it is manifested that it is plausible that under certain conditions the BOLD fMRI

responses is only partially co-localized with the neuronal responses.
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Materials and Methods

All animal procedures were conducted in accordance with the NIH Guide for the Care and

Use of Laboratory Animals and approved by the Johns Hopkins University Animal Care and

Use Committee.

Animal preparation

Lentivirus production and transduction were performed according to Gradinaru et al.

(Gradinaru et al. 2009). The lentivirus (5 μl) containing Lenti-CaMKIIα-ChR2-EYFP-

WPRE was delivered into the lateral ventricle to P3 rat pups as described previously (Li et

al. 2011). Twenty-two rats expressing ChR2 were studied. Electrophysiology, optical

imaging and fMRI measurements were performed on 10–11 weeks old rats expressing ChR2

(220 ± 50 g). For electrophysiology and fMRI measurement, a craniotomy (~1-mm square)

was performed above the right S1 (centered at AP = −0.5 mm, ML = 3.7 mm, relative to

Bregma). For optical imaging, the skull above right S1 (4 mm × 5 mm) was thinned to ~ 100

μm until the underlying cerebral vessels were visualized. After surgery, isoflurane was

discontinued and a bolus of dexmedetomidine (0.05 mg/kg, S.C.) was given. The anesthesia

was then maintained by a continuous infusion (0.1 mg/kg/hr) of dexmedetomidine (Zhao et

al. 2008; Pawela et al. 2010). Respiration rate, oxygen saturation and heart rate were

continuously monitored throughout all measurements by an oximeter (MouseOx, STARR

Life Sciences Corp, PA, USA).

Forepaw stimulation

Electrical stimulation (World Precision Instruments, Sarasota, FL, USA) of the left forepaw

was induced by two short electrodes that were inserted between the digits. The stimulation

current was consisted of 3 mA, 300 μs pulses. Six different frequencies (1 Hz, 3 Hz, 6 Hz, 9

Hz, 20 Hz) were applied for 20 s respectively. After the frequency-dependency study, the

maximum BOLD response frequency 9 Hz, as in agreement with previous studies (Zhao et

al. 2008), was selected for the forepaw stimulation in the rest of experiments of this work.

ChR2 stimulation

A 3-foot long, 400-μm diameter optic fiber (0.39NA, FT400EMT, Thorlabs, Newton, NJ

USA) was coupled to a 473 nm laser source (AL-473-60TA, Aixiz, Huston, TX USA)

through a customized collimation setup. The other end of the optic fiber was mounted on top

of the center of the right S1 craniotomy (AP = −0.5 mm, ML = 3.7 mm) without touching

the brain tissue. The power of the light at the end of the optical fiber was measured with a

digital optical power meter (PM100, Thorlabs, Newton, NJ USA). Various light intensities

at the fiber output were tested in control rats not expressing ChR2, and 63.66 mW mm−2

was selected under which no significant cerebral blood flow and BOLD fMRI changes were

observed in response to the light illumination. Light stimulation consisted of 20 ms of light

pulses repeated at 20 Hz controlled by a shutter controller (SC10, Thorlabs, Newton, NJ

USA) triggered via TTL signals which was generated and programmed using Spike 2

software (Cambridge Electronic Design. Cambridge, UK).
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Electrophysiology recording

Extracellular neuronal activity recording was performed to determine the laminar S1

responses. A 12 channel axial array microelectrode with contacts spaced 150 μm apart (200

μm in diameter, 1 MΩ, FHC, Bowdoin, ME, USA) was used. The axial electrode was placed

in the center of S1 (AP = −0.5 mm, ML = 3.7 mm), proximate to the optic fiber (<100 μm),

and slowly lowered to the target depth using a micromanipulator (FHC).

In order to determine the spatial S1 responses, a customized grid of nine tungsten electrodes

(125 μm in diameter with a tip size of a few micrometers, 350 KΩ, FHC, Bowdoin, ME,

USA) was used. The tungsten electrodes were placed in a cross pattern and were spaced 500

μm apart. The whole grid covered a 2 mm × 2 mm area. The electrodes grid was lowered to

the target depth (lamia IV; 700–800 μm below the pial surface) using a micromanipulator

(FHC). The optic fiber was positioned proximate (<100 μm) to the center electrode in the

grid (AP = −0.5 mm, ML = 3.7 mm).

Local field potential (LFP) and multi-unit activity (MUA) were sampled at 1k Hz and 11k

Hz, and band-pass filtered between 0.1–500 Hz and 500 – 5k Hz, respectively.

Discriminated signals were collected from a CED interface and Spike2 software (Cambridge

Electronic Design, Cambridge UK). Three sets of data of 20 s forepaw or ChR2 stimulation

were collected. To identify spiking events, the standard deviation (SD) of the MUA signals

without stimulations was calculated for 5 s. MUA signals with amplitude greater than 4

times of the SD were defined as spiking activity. Post-stimulus time histogram (PSTH)

analysis was performed to define stimulus evoked spiking activity. MUA that showed

increased activity in one 5 ms bin during the first 40 ms following the onset of the

stimulation were considered to show stimulus-evoked response. The number of stimulus-

evoked spiking activity within the first 40 ms was calculated. LFP waveforms were

averaged with respect to the stimulation triggers after removing the DC offset. The mean

amplitude of the negative deflection was calculated for each train of stimuli. For LFP maps,

data from the 12 contacts was resampled to 120 rows by using cubic spline interpolation.

Functional MRI

MRI Images were acquired on a 9.4 T horizontal MRI scanner (Bruker, Ettlingen,

Germany). Rats were placed in a custom-built MRI rat cradle equipped with a dedicated

holder for positioning the light source coupled MRI compatible optic fiber. A custom-built

1.1 cm diameter surface coil was used to transmit and receive MR signals (Airan et al.

2013). A gradient-echo, echo-planar imaging (GE EPI) sequence was used: echo time (TE)

= 21 ms, repetition time (TR) = 1000 ms, bandwidth = 250 kHz, field of view (FOV) = 1.92

× 1.92 cm, matrix size= 128 × 128, resulting in an in plane resolution of 150 × 150 × 1000

μm. T2 weighted RARE sequence was used to acquire high resolution anatomical images

with the following parameters: TE = 11 ms, TR = 2000 ms, number of averages = 2, band

width =250 KHz, FOV = 1.92 × 1.92 cm, and matrix size = 256 × 256. Three coronal slices

of images centered at Bregma 0 were acquired. Two epochs of 20 baseline and 20 scans

during forepaw or ChR2 stimulation were collected. The FMRIB Software Library (FSL

4.1.9) software was used for analysis (Smith et al. 2004). Activation maps were obtained

using the general linear model (GLM). The following pre-statistics processing was applied:
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motion correction using FMRIB’s Linear Image Registration Tool (MCFLIRT), grand-mean

intensity normalization of the entire 4D dataset by a single multiplicative factor, and

highpass temporal filtering (Gaussian-weighted least-squares straight line fitting, with

sigma=30 s). The GLM method used in FMRI Expert Analysis Tool (FEAT) with local

autocorrelation correction was used. Double-gamma hemodynamic response function (HRF)

convolution kernel was applied to the basic event block to generate the design matrix. Z-

score statistics were cluster-size thresholded for effective significance of p<0.05. The

activation threshold was set at 2.3. Group and laminar analysis were performed by custom-

written software running in MATLAB R2011b (MathWorks Inc., Natick, MA). In order to

characterize the laminar BOLD fMRI signals, the surface of S1 forepaw representation

(defined by a brain atlas) was defined by the user based on high resolution (75 × 75 × 1000

μm) RARE images. Three regions of interest (ROI) were defined: laminae II+III (150 μm–

600 μm), lamina IV (600 μm– 900 μm), and laminae V+VI (900 μm– 1800 μm). The number

of activated voxels was calculated for each ROI. For each animal, laminar-specific BOLD

fMRI response time courses were obtained by averaging all the active pixels from each ROI.

We determined the spatial extent of the BOLD fMRI responses (within the medial-lateral

axis) by calculating the number of active pixels along the ROI that represents lamia IV.

Optical imaging

Laser speckle contrast imaging (LSCI), a minimally invasive imaging modality, was used to

collect CBF images with high spatiotemporal resolution (Dunn et al. 2001; Li et al. 2009).

All raw laser speckle images were acquired using Basler piA640-210gm GigEvision camera

(Basler Vision Technologies, Germany). A 60mm, f/2.8 macro-lens with a maximum

reproduction ratio of 1:1 (Nikon Inc., Melville, NY) was mounted on the camera using a C

mount to a Nikon F mount adapter. A 632 nm laser (0.5 mW, JDSU, Milpitas, CA) provided

coherent illumination. A red light filter D620/30m (Chroma, Rokingham, Vermont, USA)

was inserted between the camera and the lens to prevent 475nm light from entering the CCD

sensor. A thinned-skull cranial window of 4 mm × 5 mm area centered at the right S1 was

made for imaging. Before LSCI imaging, white light reflectance images were obtained to

adjust the camera to focus on the cranial window area of interest under the illumination of a

cold light source with fiber optics Luminator HGY3. Once the magnification of the camera

was set, the aperture was set to the optimal condition for photographing speckles (Boas et al.

2010). The shutter speed was set to get an optimal exposure as 5 ms. Images were taken

continuously at a rate of 25 frames per second. Software was written to control the image

acquisition in LabView 2009 (National Instruments, Austin, TX, USA). Five sets of data

from 20 s of baseline activity followed by 20 s of forepaw or ChR2 stimulation were

collected. Raw speckle images were co-registered and the contrast was calculated according

to Li et al. (Li et al. 2009). The intensity of LSCI contrast image is inversely proportional to

the blood flow. Activation maps were obtained using two-tailed Z-test (p<0.05) with an

activation threshold set to 3.5 and a cluster size of >10 pixels.

Immunohistochemistry

All rats were sacrificed and perfused at the end of the experiments to confirm ChR2

expression in pyramidal excitatory neurons. Free floating 50 μm thick coronal brain sections

were immunostained with nuclear staining 4′,6-diamidino-2-phenylindole (DAPI, a nuclear

Li et al. Page 5

J Mol Neurosci. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



marker), anti- Enhanced Yellow Fluorescent Protein (EYFP, indicative of ChR2 expression)

and anti-calcium/calmodulin-dependent protein kinase IIα (CaMKIIα, marker of excitatory

pyramidal neurons) antibodies as described previously (Gradinaru et al. 2009). Images were

acquired using a Zeiss microscope (Axio Imager M1 Stand Mot, Carl Zeiss Microscopy,

LLC, Thornwood, NY, USA). In order to assess the number of neurons expressing ChR2,

across 3 brain sections positioned at Bregma 0, 1, and 2, we counted the total number of

DAPI stained cells (N_c) in S1. Since neurons consist of 63% of cortical cells (Miller et al.

1990) we calculated the total number of neurons (N_n). From the GFP staining results in

these brain sections we counted the number of neurons that expressed ChR2 (N_ChR2). The

percentage of neurons in S1 expressing ChR2 was calculated by 100* N_ChR2 /N_n.

Statistics

Two-tailed Student’s t test was performed between the different stimulation conditions using

Matlab (Mathworks). Results and figures show the average ± standard error of mean (SEM).

Results

Frequency-dependency of forepaw stimulus-evoked BOLD fMRI and neuronal responses

Electrical stimulation of the forepaw was applied to 11 rats. Six of them were tested in 9.4T

MRI scanner to evaluate the forepaw stimulus-evoked BOLD fMRI responses. The

activation Z-map of the BOLD fMRI responses was calculated by Z-test analysis with the

effective significance of p<0.05. Electrophysiological recordings to measure the forepaw

stimulus-evoked neuronal responses were tested on the other five rats. LFP and MUA were

obtained throughout the depth of S1 by using the 12-channel axial array microelectrode

positioned at the center of S1 forepaw representation (Bregma 0, ML 3.7 mm). Figure 1a

shows activation Z-maps of the BOLD responses evoked by contralateral forepaw

stimulations at 1 Hz, 3 Hz, 6 Hz, 9 Hz and 20 Hz. The highest amplitude of the BOLD fMRI

percentage change averaged across S1 was observed at 9 Hz (6.45 ± 0.66 %, n=6), while the

lowest value at 1 Hz (4.29 ± 0.59 %, n=6). The highest spatial extent of BOLD fMRI

response, calculated by the number of the activated pixels in the functional Z-maps of

BOLD signal, was observed at 6 Hz (327.17 ± 37.23, n=6). On the other hand, the highest

amplitude of the stimulus - evoked LFP and MUA were observed at 3 Hz (1.87 ± 0.28 μV

and 421.07 ± 58.13, respectively; n=5). These results demonstrate the different frequency -

dependency of BOLD fMRI and neuronal responses of rats under dexmedetomidine

anesthesia.

Laminar characteristics of forepaw stimulus-evoked BOLD fMRI and neuronal responses

Based on the above frequency-dependency results, the spatial comparison of signals were

performed at 9 Hz, which was the frequency of where the greatest BOLD fMRI response

was observed. The activated pixels, calculated by Z-test analysis of BOLD fMRI signals

with effective significance of p<0.05, were found across the cortical depth in S1

contralateral to the forepaw stimulation. Three regions of interest (ROI) were defined:

laminae II+III (150 – 600 μm), lamina IV (600 – 900 μm), and laminae V+IV (900 - 1800

μm). The time course and the amplitude of BOLD fMRI responses were calculated for each

ROI. The increases of the BOLD fMRI signal occurred immediately following the
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stimulation onset and persisted throughout the duration of the stimulation (Figure 2a). The

highest amplitude of the BOLD fMRI percentage change was observed in laminae II+III

(7.72 ± 0.48 %), followed by lamina IV (7.66 ± 0.44 %) and laminae V+VI (4.31 ± 0.14 %;

n=6). The highest amplitude of the stimulus-evoked LFP and MUA were found in laminar

IV (LFP: laminae II+III 0.26 ± 0.04 μV, lamina IV 1.49 ± 0.13 μV, laminae V+VI 1.04 ±

0.11 μV; MUA: laminae II+III 230.22 ± 28.53; lamina IV 454.68 ± 26.91; laminae V+VI

287.01 ± 30.69; n=5). Figure 2b and 2c show a representative example and the group

averages of the laminar spatial distribution of the electrophysiology responses, respectively.

In agreement with previous reports (Silva et al. 2002), we also observed differences in the

spatial distribution of the responses between imaging and electrophysiology.

Lateral spatial profiles of forepaw stimulus-evoked BOLD fMRI and neuronal responses

After comparing the laminar characteristics of forepaw stimulus - evoked BOLD fMRI and

neuronal responses, we then investigated how these neuronal responses are co-localized with

the accompanying hemodynamic responses in the lateral spatial extent. Both BOLD fMRI

and cerebral blood flow (CBF) responses were measured to evaluate the hemodynamic

changes in S1 evoked by forepaw stimulation. Laser speckle contrast imaging (LSCI), a

minimally invasive optical imaging method (Dunn et al. 2001; Li et al. 2009), was

performed to detect CBF responses in S1 representation (FOV = 3.75 × 5.1 mm). This

technique is sensitive to CBF changes of the upstream pial arterioles and draining venules

within a cortical depth of approximately 0.6–0.8 mm (Dunn et al. 2005). The lateral spatial

extent of the CBF Z-maps responses revealed by LSCI (Z-test analysis with effective

significance of p<0.05) to forepaw stimulation were observed across FOV that covered the

right S1 forepaw representation (n=5) (Figure 3a). The percent change of the BOLD fMRI

responses across the activated pixels within lamina IV was calculated for each individual

animal for each condition, and averaged across subjects (n=6). Consistent with the direct

optical CBF measurements, the spatial extents of the BOLD fMRI Z-maps responses to

forepaw covered a region in medial-lateral distance of 3,600 ± 198 μm (Figure 3b).

The lateral spatial characteristics of neuronal responses evoked by forepaw stimulation were

tested by a grid of nine tungsten electrodes. This grid covered a 2 × 2 mm area within the S1

forepaw representation (Figure 3c). LFP and MUA responses were recorded simultaneously

from all nine electrodes that were lowered into lamina IV Forepaw stimulation resulted in

LFP and MUA responses that were detected in all the electrodes positioned across the right

S1 representation (Figure 3d and 3e).

Spatial activation profiles of optogenetics-induced BOLD fMRI and neuronal responses

To further investigate the co-localization between the BOLD fMRI and neuronal responses,

we induced localized neuronal activation by optogenetics approaches. Fifteen animals were

genetically engineered to express ChR2 in excitatory cortical neurons.

Immunohistochemistry was performed on brain slices obtained from all the rats that

participated in this study (Figure 4a). Cells that were positively stained for DAPI (nuclear

staining), EYFP (indicative of ChR2 expression) and CaMKIIα (marker for excitatory

neurons) were found across the cortical depth at laminae II to VI in S1 granular zone and

consisted about 35% of all neurons in that area. An optical fiber was used for light delivery
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and laser pulses of 20 Hz for 20 ms were applied to produce reproducible neuronal

responses (Gradinaru et al. 2009; Lee et al. 2010).

Figure 4b shows the laminar activation profiles of the LFP responses in S1 that were evoked

by the ChR2 stimulation. The neuronal responses were confined to lamina IV (with the peak

LFP amplitude of 0.12 ± 0.02 μV) and the supragranular laminae with response amplitudes

10 times smaller compared to forepaw stimulation (Student t-test, p<0.005, n=5). Figure 4c

and 4d demonstrate the lateral spatial profiles of the LFP and MUA responses across lamina

IV of S1 that were measured by 9-channel electrodes grid. Both evoked LFP and MUA

responses by ChR2 stimulation were detected only in the electrode proximate (<100 μm) to

the optic fiber that delivered the light stimulation, with minimal evoked responses in the

other eight electrodes (Figure 4c and 4d). Thus, the ChR2 stimulation resulted in neuronal

responses that were limited to laminar IV and II+III with a spatial extent of less than 500

μm.

We then characterized the spatial characteristics of the hemodynamic responses evoked by

ChR2 stimulations across the forepaw representation in S1. Although the changes in

neuronal firing rate induced by ChR2 stimulation, as demonstrated above, were localized to

the stimulated cortical area, the hemodynamic responses were found to cover a much

broader area and were only partially co-localized with the underlying neuronal responses

(Figure 4e and 4f). The extents of the CBF Z-maps responses to ChR2 stimulations in S1

were observed across the FOV that covered the S1 forepaw representation (3,700 ± 233 μm

vs. 3,750 ± 180 μm, n=5; Figure 4g). The average amplitude of the CBF responses across S1

was about two times less in response to ChR2 stimulation compared to forepaw stimulation

(15.07 ± 2.12 % vs. 28.40 ± 1.75 %; Student t-test, p<0.005, n=5). Consistent with the direct

optical CBF measurements, the spatial extents of the BOLD fMRI Z-maps responses to

ChR2 stimulation were similar to the activation maps obtained following forepaw

stimulation (3,450 ± 244 μm vs. 3,600 ± 198 μm, n=5; Figure 4h). The average amplitude of

the BOLD responses across the activated pixels within S1 was two times less in response to

ChR2 compared to forepaw stimulation (2.49 ± 0.54 % vs. 5.51 ± 0.26 %; Student t-test,

p<0.05, n=5). We also characterized the laminar profiles of BOLD fMRI responses to the

ChR2 stimulation (Figure 4i). The highest BOLD fMRI increases were detected in laminae

II+III, followed by lamina IV and lamina V+VI, which were similar to the laminar

activation profiles observed as a response to forepaw stimulation.

Discussion

We studied the relationship between the neuronal and BOLD fMRI responses in the

somatosensory cortex by comparing neuronal and hemodynamic responses evoked by

sensory and localized ChR2 stimulations. Multi-model measurements including multi-

channel electrophysiology recordings, optical imaging of CBF and BOLD fMRI were

applied. In agreement with previous studies (Sanganahalli et al. 2008; Kim et al. 2010), the

evoked neuronal and its accompanying BOLD fMRI responses to tactile stimulation

demonstrated differences in their stimulus frequency-dependency and laminar

characteristics. We than sought to further investigate the spatial co-localization of the

neuronal and hemodynamic responses by using optogenetics as a mean to activate a
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localized subset of S1 neurons. The results demonstrated that stimulation of ChR2-

expressing excitatory neurons in S1 induced neuronal activity that was mainly confined to

lamina IV. However, the extent of the CBF and BOLD fMRI hemodynamic responses due

to ChR2 stimulation were greater than the neuronal activity measured by electrophysiology

and similar to the hemodynamic responses evoked by tactile stimulation.

The neuronal pathway by which peripheral tactile stimulation activates cortical neuronal

assemblies and its activation patterns across the cortical laminae and the somatosensory

representation is well described. Recently several studies using transgenic mice expressing

ChR2 in excitatory neurons in lamina V of sensory and motor cortices focused on the

correlation between the neuronal and the hemodynamic responses (Lee et al. 2010; Desai et

al. 2011; Kahn et al. 2011; Scott et al. 2012; Kahn et al. 2013; Vazquez et al. 2013). These

studies have demonstrated high temporal linearity and correlation between the BOLD fMRI

responses due to the optogenetics stimulation and the neurophysiological measured

responses. However, unlike neuronal responses evoked by tactile sensory stimulation that

are known to initiate in lamina IV, Both Khan et al (Kahn et al. 2013) and Vazquez et al

(Vazquez et al. 2013) reported that the maximal neuronal activity observed in the transgenic

mice that express ChR2 specifically in lamina V, was detected in lamina V.

The principal difference between our animal model to the above studies is that in our study,

the ChR2 was expressed throughout the cortical depth of the rat’s brain, and was not

confined to deep cortical laminae. Consequently, we could induce ChR2 activity in

supragranular laminae and elicit localized neuronal activity in lamina IV, which is also the

primary lamina receiving thalamo-cortical projections and responding to thalamo-cortical

input. This has led to cortical responses that exhibited different neuronal characteristics

compared to conventional tactile stimulation in terms of the neuronal activity distribution

across the cortical depth and the somatosensory representation. Nevertheless, it produced

hemodynamic responses that had similar characteristics to the ones detected following

tactile stimulation. Interestingly, a recent study demonstrated that administration of

glutamate receptor antagonists significantly decreased sensory evoked hemodynamic

responses, but had little effect on ChR2 evoked hemodynamic responses in transgenic mice

expressing ChR2 in lamina V (Scott et al. 2012). These findings further support that

hemodynamic responses may be independent of local excitatory synaptic transmission.

Together, these findings suggest a fundamental difference in the spatial extent between the

neuronal and the hemodynamic responses, and that under certain conditions the BOLD

fMRI responses may only partially co-localized with the neuronal responses.

Simultaneous electrophysiology recordings and fMRI measurements in the cat’s visual

cortex (Kim et al. 2004) demonstrated that the BOLD fMRI signals that were averaged

across millimeters scale were tightly correlated to the electrophysiological responses.

However, BOLD fMRI signals that were averaged for voxel sizes smaller than 2.6 × 2.6

mm2 showed high variance and correlation of less than 50% with the electrophysiological

responses. It emerges that the spatial correspondence between BOLD fMRI, optical imaging

and neuronal activity is determined by intrinsic properties of both the neurovascular

coupling mechanism and the imaging technologies. BOLD fMRI signals originate from

partially deoxygenated blood vessels, such as capillaries, venules and downstream veins
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(Davis et al. 1998; van Zijl et al. 1998), while optical CBF imaging generally detects blood

flow in arterioles and upstream pia arteries (Li et al. 2009; Boas et al. 2010). Gradient echo

(GE) pulse sequence, as was used in this study, is the common BOLD fMRI method.

However, the GE-BOLD fMRI signals are highly sensitive for large draining veins which

reduce the capability of the technology to detect neuronal responses in submillimeter

resolution (Zhao et al. 2006). Other methods such as spin echo BOLD fMRI, cerebral blood

volume and cerebral blood flow MRI measurements may provide superior spatial

localization of neuronal activities (Ugurbil et al. 2003; Zhao et al. 2004; Moon et al. 2007).

However, they offer lower temporal resolution and signal-to-noise ratios compare to the GE-

BOLD fMRI method and are therefore less applied in functional brain studies (Kim et al.

2012).

In our study, even though the neuronal responses as a result of ChR2 stimulation were found

to be localized in electrodes adjacent to the light stimulation area, the accompanying

hemodynamic changes were detected more than 3 mm further in S1. Capitalizing on

previous studies, the results suggest that due to the complex hemodynamic mechanism that

is the basis of the BOLD fMRI contrast there may be differences in the spatial extent

between the neuronal and the hemodynamic responses.
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Figure 1. BOLD fMRI and neuronal activity evoked by sensory stimulation have different
frequency-dependency in S1
a. Examples of BOLD fMRI activation maps in response to contralateral forepaw

stimulation at 1 Hz, 3 Hz, 6 Hz, 9 Hz and 20 Hz. b. Averaged time courses of BOLD fMRI

percentage changes in response to forepaw stimulation at different frequencies (mean, n=6).

The gray color bar depicts the length of stimulation. c. Averaged time courses and

amplitudes of LFP in response to forepaw stimulation at different frequencies (mean, n=5).

d. Normalized group results (mean ± SEM) showed that the maximal magnitude of LFP and

the spiking rate of MUA (n=5) was observed when the stimulus was presented at 3 Hz,

while the peak of the BOLD fMRI percentage change and its extent was observed at 9 Hz

and 6 Hz, respectively (n=6).
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Figure 2. BOLD fMRI and neuronal activity evoked by sensory stimulation at 9 Hz have
different laminar profile
a. Time courses and amplitudes of BOLD fMRI responses to forepaw stimulation across the

cortical depth (mean ± SEM; n=6) demonstrate that hemodynamic responses initiated and

had the highest amplitude in laminae II+III. b. Example of evoked LFP responses to

forepaw stimulation demonstrates that neuronal responses initiated and had the highest

amplitude in lamina IV, and then spread throughout the cortical depth. c. Normalized group

results (mean ± SEM) of averaged LFP amplitude (n=5), spiking rates of MUA (n=5), and

magnitude of BOLD fMRI (n=6) responses across the cortical depth.
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Figure 3. Hemodynamic responses and neuronal activity evoked by sensory stimulation have
similar spatial extent across S1
a. Examples of CBF activation z-map overlaid on the original CBF contrast images show

that both forepaw and ChR2 stimulations resulted in extensive hemodynamic responses in

the right S1. The tip of the optic fiber used for ChR2 was masked off from the images. b.
Examples of BOLD fMRI activation z-map overlaid on the anatomical images. c. An

illustration of the position of the nine recording electrodes (red dots) and the optic fiber

(blue star) overlaid on a LSCI image of the rat S1. d. Forepaw stimulation resulted in LFP

responses that were observed in all nine electrodes that were positioned at lamia IV and

covered 2 mm × 2 mm of S1. e. Forepaw stimulation resulted in MUA that were observed in

all nine electrodes across S1.
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Figure 4. Hemodynamic responses and neuronal activity evoked by ChR2 stimulation are
partially co-localized in S1
a. Examples of neurons within S1 immunostained with antibodies targeted towards EYFP

(green, indicative of ChR2 expression) and CaMKIIα (red, marker of excitatory pyramidal

neurons). A large field of view fluorescence image shows that ChR2 expressing neurons are

located throughout the cortex. b. Example of evoked LFP responses to ChR2 stimulation

shows that responses were confined to laminae II+III and IV. c. ChR2 stimulation resulted

in evoked LFP responses that were observed only in electrodes proximate to the optic fiber

with a distance less than 500 μm. d. ChR2 stimulation resulted in increased MUA spiking

activities only in electrodes proximate to the optic fiber. e. Example of CBF activation z-

map shows that ChR2 stimulations resulted in extensive CBF increases in S1. f. Example of

BOLD fMRI activation z-map shows that ChR2 stimulations resulted in extensive BOLD

fMRI responses in S1. g. Group average of the CBF responses across S1 representation (in

the medial-lateral axis) demonstrates similar spatial extent of the hemodynamic responses

induced by forepaw and ChR2 stimulations (mean ± SEM, n=5). h. Group average of the

BOLD fMRI responses across lamina IV S1 representation (in the medial-lateral axis)

demonstrates similar extent and localization of the hemodynamic responses induced by

forepaw and ChR2 stimulations (mean ± SEM, n=5). I. Time courses of BOLD fMRI

responses across the cortical laminae evoked by ChR2 (mean ± SEM, n=5).
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