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Abstract

Laminar organization of neuronal circuits is a recurring feature of how the brain processes 

information. For instance, different layers compartmentalize different cell types, synaptic 

activities, and have unique intrinsic and extrinsic connections that serve as units for specialized 

signal processing. Functional MRI is an invaluable tool to investigate laminar processing in the in 
vivo human brain, but it measures neuronal activity indirectly by way of the hemodynamic 

response. Therefore, the accuracy of high-resolution laminar fMRI depends on how precisely it 

can measure localized microvascular changes nearest to the site of evoked activity. To determine 

the specificity of fMRI responses to the true neurophysiological responses across layers, the 

flexibility to invasive procedures in animal models has been necessary. In this review, we will 

examine different fMRI contrasts and their appropriate uses for layer-specific fMRI, and how 

localized laminar processing was examined in the neocortex and olfactory bulb. Through collective 

efforts, it was determined that microvessels, including capillaries, are regulated within single 

layers and that several endogenous and contrast-enhanced fMRI contrast mechanisms can separate 

these neural-specific vascular changes from the nonspecific, especially cerebral blood volume-

weighted fMRI with intravenous contrast agent injection. We will also propose some open 

questions that are relevant for the successful implementation of layer-specific fMRI and its 

potential future directions to study laminar processing when combined with optogenetics.
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1. Introduction

Functional magnetic resonance imaging (fMRI) (Ogawa et al., 1990; Ogawa et al., 1992) is a 

popular tool to examine brain function because it can noninvasively and longitudinally 

examine neuronal activity of the entire brain, including structures deep below the cortical 

surface that are often off-limits to other imaging techniques, like optical imaging. In 

addition, MRI has a wide assortment of applications and contrasts that make it ideal for 

multimodal comparisons, such as anatomical and metabolic changes, to the functional and 

resting-state conditions of the normal and diseased brain. As limitations on the fMRI 

sensitivity and total scan time decrease (e.g., multi-channel arrays, parallel imaging, 

compressed-sensing, etc.), high spatial resolution imaging with a sufficient signal-to-noise 

ratio (SNR) becomes increasingly feasible. However, fMRI measures the vascular or 

hemodynamic responses to the increased metabolic demand of working neurons and is, 

therefore, an indirect measure of neuronal responses. This creates a biological limitation 

imposed by vasculatures on the spatial resolution of fMRI; whereby we must challenge 

whether the signal changes detected by fMRI are specific to the site of neuronal activity at 

resolutions capable of discerning brain laminae. To gain such insights, the cortical laminar 

model has been used both in human (e.g., (Huber et al., 2015; Koopmans et al., 2010; 

Polimeni et al., 2010; Ress et al., 2007)) and animals (e.g., (Chen et al., 2013; Duong et al., 

2000b; Goense et al., 2012; Herman et al., 2013; Lu et al., 2004; Silva and Koretsky, 2002; 

Zhao et al., 2006)). Particularly, animal models are necessary because of their flexibility 

toward invasive study, especially electrophysiology and long scanning times, to critically 

evaluate how different forms of fMRI can be used to acquire and accurately report laminar 

activations.

In the following review, we will examine the development of laminar-resolution fMRI with 

animal models and the promising applications of this technique for investigating laminar 

circuit function of the in vivo brain. We will first examine how different fMRI techniques are 

sensitive to different vascular compartments; and which have better specificity to the 

microvessels localized to the synaptic activity. Although blood oxygenation level-dependent 

(BOLD) contrast is often a traditional choice due to its endogenous nature and its 

translatability to humans, its activation patterns are often contaminated by large vascular 

contributions distal to the site of neuronal activity. Therefore, we will discuss alternative 

methods that have a greater specificity and are better suited for preclinical applications, 

especially at high resolutions. We will then review how fMRI has been used to measure 

neural-specific responses in the laminated neocortex and olfactory bulb. Specifically, we will 

review how invasive procedures in animal models are used to investigate the spatial 

specificity of fMRI to neuronally active sites and the neuronal origins of fMRI signal 

changes. These studies have provided promising evidence that microvessels, including 

capillaries, are being regulated by the local synaptic activity of excitatory and inhibitory 

neurons within individual layers. Please consult Attwell et al. (2010) for a more thorough 

review of the underlying neurovascular coupling mechanisms found at cellular scales and 

Gagnon et al. (2015) for detailing the transformation of these microvascular signals to the 

macrovascular fMRI responses. Finally, we will postulate on the future directions of laminar 

fMRI as it transitions from a focus on technical development to the practical study of circuit-
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level neuroscience. This trend toward neuroscience application will likely be fueled by the 

growing bank of transgenic animal models that are constructed to probe very specific 

neuronal processes of normal brain function and dysfunction in models of human disease. 

Functional MRI is particularly important with these models because it has a dynamic field-

of-view, allowing us to explore function of the whole brain and targeted laminar resolution 

studies of discrete neuronal circuits. Preclinical fMRI can further direct invasive 

neurophysiological study of laminar circuits to better explore the neuronal underpinnings.

2. Different fMRI contrasts and their specificity to the site of laminar activity

Recent neurovascular coupling studies support that small vessels are regulated near the site 

of synaptic activity (Hall et al., 2014; Mishra et al., 2016) although the exact mechanism still 

needs to be resolved (Fernández-Klett et al., 2010; Hill et al., 2015; Kisler et al., 2017). 

However, the vasculature is hierarchically connected so that local responses will have up- 

and downstream effects on vessels far from the site of neuronal activity. Because the utility 

of laminar-resolution fMRI is contingent on separating these neural-specific responses from 

the nonspecific, many different forms of fMRI contrasts have been examined in preclinical 

models. The foremost fMRI contrast is BOLD, because it is completely endogenous and 

easy to implement. BOLD contrast is sensitive to the relative concentration changes of 

paramagnetic deoxyhemoglobin induced by the increased metabolic demand of evoked 

neurons, such that decreased deoxyhemoglobin reduces magnetic susceptibilities and 

increases the fMRI signal. The typical BOLD response is composed of cerebral blood flow 

(CBF) increases that contribute positively to BOLD signals (i.e., decreases the absolute 

deoxyhemoglobin concentrations), and cerebral blood volume (CBV) and cerebral metabolic 

rate of oxygen (CMRO2) increases that contribute negatively to BOLD signals (i.e., 

increases the absolute deoxyhemoglobin concentrations). Other forms of contrast are often 

more difficult to implement, have a lesser sensitivity to hemodynamic changes, or require an 

exogenous contrast agent, but are more successful at measuring the neural-specific responses 

by weighing the fMRI sensitivity toward a single vascular parameter (e.g., CBF or CBV 

measurements only) and toward microvascular compartments. The strength of the static 

magnetic field (B0) also greatly affects the fMRI signal source so, for the purposes of this 

review, we will primarily discuss the signal sources at higher magnetic fields, since animal 

studies are typically performed at these fields.

A long-standing benchmark for the neural-specificity of fMRI is manganese-enhanced MRI 

(MEMRI) because it directly maps electrically active neurons (Lin and Koretsky, 1997) (for 

review, see Silva (2012)). Manganese ions principally pass through the cell membrane and 

into functioning neurons through calcium channel openings, such as voltage-gated calcium 

channels concentrated at synapses, where they become intracellularly sequestered. A 

regional manganese increase shortens the longitudinal relaxation time (T1) and is detectable 

with associated MRI techniques. Manganese cannot be used for human study because it is 

highly neurotoxic and is limited to only a single stimulation condition. However, its ability 

to directly map neuronal activity has made it an excellent tool to assess the layer-specificity 

of different fMRI contrasts.
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2.1 Blood oxygenation level-dependent (BOLD) fMRI

Endogenous BOLD contrast was the first fMRI technique described by Ogawa et al. (1990) 

and is still the primary application of fMRI almost 30 years later. However, the physiological 

origins of BOLD are complex and are dependent on the imaging technique and parameters 

(for review, see Kim and Ogawa (2012)). In the scope of laminar fMRI, we will compare the 

most prominent BOLD technique, gradient-echo (GE), with spin-echo (SE) BOLD because 

of its improved neural-specificity.

Gradient-echo (GE) BOLD is the most common fMRI technique because it is simple to 

obtain relatively large evoked signal changes without the introduction of a contrast agent. 

The typical BOLD response has three main phases due to differences in the temporal 

dynamics and relative amplitudes of CBF, CBV, and CMRO2. The “initial dip” is 

characterized as a signal decrease that occurs shortly after the stimulus onset and is believed 

to be dominated by CMRO2 increases (Ernst and Hennig, 1994; Malonek and Grinvald, 

1996; Thompson et al., 2003; Vanzetta and Grinvald, 1999). However, it could be caused by 

the early onset of arteriole CBV increases occurring before the larger blood oxygenation 

increases (Sirotin et al., 2009). Although the exact source of the initial dip is still debatable, 

this negative activation is highly specific to the neuronal activity but has a small amplitude 

and a short duration (Kim et al., 2000), which makes its detection difficult and unreliable 

with high resolution fMRI due to its limited sensitivity and temporal resolution (Jezzard et 

al., 1997) (for review, see Hu and Yacoub (2012)); especially compared to more sensitive 

and faster techniques, like optical intrinsic signal imaging, where measurement of the initial 

dip is more commonplace (Malonek and Grinvald, 1996). The initial dip is followed by a 

large “positive response”, dominated by CBF increases, and is the most significant 

contributor to the BOLD activation maps. However, this component is primarily sensitive to 

oxygenation increases in venous vessels, including emerging and pial surface veins and, 

thus, produces activation maps that are significantly contaminated by nonspecific activation. 

Regions of large total and venous blood volumes, such as the cortical surface where these 

large pial vessels reside, are strongly activated and have little neurophysiological bases (Fig. 

1A). However, high temporal resolution fMRI with GE BOLD contrast has shown that the 

earliest positive response is highly layer-specific (Silva and Koretsky, 2002; Silva et al., 

2000; Yu et al., 2014), likely due to the early response of capillaries and the delayed onset of 

nonspecific draining veins. Therefore, fast imaging techniques can allow us to map input 

layers based on the onset time of endogenous GE BOLD responses. It is also noted that 

extravascular dephasing around large vessels increases linearly with B0 and increases 

supralinearly around microvessels; while intravascular contributions become negligible at 

high magnetic fields as the transverse relaxation times (T2 and T2*) of blood decreases (Lee 

et al., 1999; Ogawa et al., 1998; Weisskoff et al., 1994). Therefore, the spatial specificity of 

the positive response will increase with magnetic field strength. The final phase is a smaller 

amplitude negative signal change defined as the “post-stimulus undershoot” that is likely 

caused by prolonged CBV and CMRO2 effects compared to CBF (Hua et al., 2011; Jin and 

Kim, 2008b; Mandeville et al., 1999). Like the initial dip, the post-stimulus undershoot is 

more specific than the positive response (Chen and Pike, 2009; Poplawsky et al., 2015; Zhao 

et al., 2007), but its detection is not always consistent, varies with stimulation type and 

duration, and its neuronal interpretation may not be straightforward (for review, see van Zijl 
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et al. (2012)). Due to the complicated nature of both the initial dip and post-stimulus 

undershoot, these components are rarely used in laminar fMRI studies despite evidence that 

they have greater neural-specificity compared to the positive response; but there is a clear 

need to better understand them for high resolution applications. In this way, the positive 

response remains the principle phase for laminar BOLD fMRI.

Spin-echo (SE) BOLD is a better alternative to GE BOLD when endogenous contrast is 

necessary because it reduces nonspecific signal changes around large blood vessels and is 

more sensitive to microvascular compartments (Boxerman et al., 1995). During the echo 

time (TE), water spins are diffusing and experiencing different susceptibility effects 

depending on the local environment. Venous vessels create relatively large susceptibility 

gradients across space due to their higher concentration of paramagnetic deoxyhemoglobin; 

however, these effects are closely related to the venous vessel size and geometry. If the 

vessel is large, the susceptibility differences that the spins experience are small and the 180° 

radiofrequency pulse can refocus them well, reducing the susceptibility effect. However, if 

the vessel is small, the susceptibility differences are large and the 180° radiofrequency pulse 

cannot refocus the spins well, preserving the dephasing effects. Therefore, SE BOLD is 

sensitive to extravascular spins around microvessels at high magnetic fields. Lee et al. 

(1999) showed that the major source of BOLD changes at 9.4 T are indeed from 

extravascular water dephasing and that the neural-specificity of SE is increased relative to 

GE. This is specifically observed as the site of the greatest BOLD activations shift from the 

brain surface to the parenchyma with GE and SE fMRI, respectively (Fig. 1A–B) (Goense 

and Logothetis, 2006; Markuerkiaga et al., 2016; Zhao et al., 2004). However, SE fMRI has 

a poorer sensitivity and temporal resolution compared to GE, so exploration of additional 

contrasts for preclinical application was necessary.

2.2 Cerebral blood flow (CBF) and cerebral blood volume (CBV) fMRI

One fundamental flaw of BOLD contrast for laminar resolution fMRI is the complexity of 

its signal source leading to the opposing interactions of CBF and CBV/CMRO2. For 

example, if the positive and negative effects of these parameters were balanced nearest to the 

site of neuronal activity, then the neural-specific BOLD signal changes would be negated 

(Duong et al., 2000a; Moon et al., 2007). To bypass this issue, measurement of a single 

hemodynamic parameter should provide a clearer interpretation of the neural-specific fMRI 

changes, especially if hemodynamic changes are concentrated in these sites.

First, CBF fMRI was shown to have improved neural-specificity compared to GE BOLD 

and to overlap well with layers that have increased calcium-dependent synaptic activity 

determined by MEMRI (Fig. 1C–E) (Duong et al., 2001; Duong et al., 2000b). However, 

although being noninvasive, CBF fMRI is more difficult to implement and has a lower 

sensitivity compared to GE BOLD fMRI. CBF contrast is typically achieved by arterial spin-

labeling, where intravascular blood spins are labeled outside of the imaging volume (e.g., the 

neck) before flowing into the region-of-interest (ROI) (Detre et al., 1992; Kim, 1995; 

Kwong et al., 1995; Silva and Kim, 1999). This technique is not straightforward to 

implement because it is best performed using two specialized and actively decoupled surface 

coils and the transit time for the spins to travel from the neck to the specific ROI must be 
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considered to optimize the fMRI sensitivity. In addition, the choice of spin-labeling time will 

greatly affect which vascular compartment the signal changes preferentially originate from 

and, subsequently, its neural-specificity. For instance, Zappe et al. (2008) observed the 

greatest signal change at the brain surface and middle layers of the cortex with a short and 

long spin-labeling time, respectively, which is likely due to the selective targeting of pial 

arteries and microvessels, respectively.

Second, contrast-enhanced CBV-weighted (CBVw) fMRI is advantageous for preclinical 

models because it can easily be achieved with intravenous injection of superparamagnetic 

iron oxide nanoparticles (e.g., MION) (Mandeville et al., 2004; Mandeville et al., 1998). 

Such agents have long half-lives and dose-dependently eliminate the signal from the blood 

by increasing intravascular magnetic susceptibilities and severely reducing blood T2*. 

Therefore, CBVw fMRI is a negative contrast that decreases the fMRI signal when blood 

volumes (i.e., MION concentrations) increase within a voxel. With increasing magnetic field 

strengths, increased MION concentrations are necessary to counteract the increasing BOLD 

contributions, which subsequently decrease the baseline signal and functional contrast-to-

noise ratio (i.e. sensitivity) through increased susceptibility effects. BOLD contaminations 

and low baseline signal can be minimized by selecting shorter echo times; while gradient-

recalled echo imaging may be better suited than echo-planar imaging to reduce artifacts and 

signal dropouts associated with the shortened baseline T2* at high magnetic fields (for 

review, see Kim et al. (2013)). With typical 10 – 15 mg Fe/kg MION doses, the sensitivity of 

CBVw fMRI was ~1.5 – 2 times greater than GE BOLD at 4.7 – 9.4 T and had peak signal 

changes in the parenchyma rather than the brain surface (Fig. 1D) (Mandeville and Marota, 

1999; Mandeville et al., 1998; Poplawsky and Kim, 2014; Zhao et al., 2005). Many laminar 

studies (see section 3) show that CBVw fMRI is less sensitive to the dilation of large arterial 

vessels, especially surface pial vessels, even though large blood volume changes are 

observed here in studies using optical imaging of intrinsic signal (Kennerley et al., 2005). 

This can be explained by insufficient SNR caused by the large contrast concentrations and 

by BOLD contributions large enough to negate the CBV changes in these feeding vessels. 

This is consistent with a tuning of the fMRI sensitivity toward microvascular compartments 

and supporting real neurophysiological sources for CBVw fMRI. This is further supported 

by evidence that the location of peak activation did not change with MION dose (Keilholz et 

al., 2006; Kim et al., 2013) or whether GE or SE imaging techniques were used with the 

addition of MION (Fig. 1D–E) (Zhao et al., 2006). Measurements of arterial CBV changes 

using magnetization transfer-varied arterial spin labeling fMRI were also spatially equivalent 

to total CBV measurements using MION contrast (Kim et al., 2007), indicating that 

nonspecific venous CBV changes are small, unless long stimulus durations (Kim and Kim, 

2011; Zong et al., 2012) or dexmedetomidine anesthesia are used (Fukuda et al., 2013). 

Together, contrast-enhanced CBVw fMRI in preclinical models is effective at both 

increasing the fMRI sensitivity and site-specificity to the layers of the greatest synaptic 

activity changes (Harel et al., 2006; Kim and Kim, 2010; Lu et al., 2004; Poplawsky et al., 

2015; Zhao et al., 2006).

Despite these clear advantages, some caveats should be considered. First, MION-based 

contrast agents are not approved for clinical MRI applications (approved for iron deficiency 

treatment only) and is currently reserved for animal study. Therefore, noninvasive CBVw 
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techniques, like vascular space occupancy (VASO) fMRI-based techniques (Huber et al., 

2016; Jin and Kim, 2008b; Lu et al., 2003), can still provide better spatial-specificity 

compared to GE BOLD but with reduced sensitivity. Also, CBV-weighted signals have 

BOLD contributions, although relative CBV change maps can be calculated from BOLD and 

CBVw data (Zhao et al., 2006). Finally, although contrast-enhanced CBVw fMRI reduces 

contributions from pial and venous vessels, and increases the sensitivity in microvessels, 

larger penetrating arterioles can still be a source of nonspecific signal contributions. This is 

of particular importance for laminar studies since these vessels penetrate the layers 

perpendicularly and can span whole cortical depths, thus confounding more subtle laminar 

differences. This is especially clear in a recent study comparing the anatomical location of 

single penetrating venules and arterioles to the GE BOLD and CBVw fMRI signal changes 

at ultrahigh spatial resolutions (Yu et al., 2016). For a short stimulus duration (<5 s), the 

largest GE BOLD activations correlated well with the location of emerging venules and 

CBVw activations with penetrating arterioles (Fig. 2A). However, the relative contributions 

from nonspecific penetrating arterioles in CBVw fMRI can be reduced with longer 

stimulation times. Jin and Kim (2008a) compared the specificity of GE BOLD, CBV, and 

CBF responses and their time dependencies. The early GE BOLD response (Fig. 2B, upper 

left panel) seems more specific to the middle layer than the late (Fig. 2B, bottom left), as 

previously described with other fast imaging techniques (Hirano et al., 2011; Silva and 

Koretsky, 2002; Silva et al., 2000); while the CBVw component is less specific at an earlier 

time (Fig. 2B, upper right, CBVw only; arrows indicate possible activations in nonspecific 

penetrating arterioles similar to Fig. 2A) and favors longer stimulation durations (Fig. 2B, 

right column). Collectively, both CBVw and CBF fMRI are dominated by layer-specific 

contributions, suggesting that the sum of these components can reduce the GE BOLD 

response in these same layers.

Although GE BOLD fMRI is the primary tool to study in vivo brain activity, its signal 

sources at laminar resolutions are dominated by nonspecific venous contributions and best 

serves lower resolution studies. SE BOLD and CBF fMRI methods are better alternatives to 

GE BOLD at high resolutions in terms of their neural-specificity, but suffer from lower 

sensitivity and can be more difficult to utilize routinely. On the contrary, CBVw fMRI with 

intravenous injection of a MION-based contrast agent is, in our opinion, the gold standard 

for ultrahigh resolution fMRI in basic and preclinical research because of its improved 

specificity and sensitivity compared to GE BOLD and its ease of implementation.

3. Laminar-specific fMRI

3.1. Neocortex

High-resolution fMRI with different contrasts has been performed to study layer-specific 

sensory processing in the neocortex. Sensory cortices generally consist of six layers; 

however, these layers typically function as three. Layer IV contains numerous granule cells 

(i.e., granular layer) and receives initial synaptic inputs from the thalamus. Sensory 

stimulation evokes a transient change in neuronal activity first in layer IV and, subsequently, 

activity spreads immediately into the supragranular (layers I – III) and infragranular (V and 

VI) layers, and recruits recurrent and feedback circuitry to produce sustained neuronal 

Poplawsky et al. Page 7

Neuroimage. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity across all the layers. The supragranular layer then projects to other, higher-order 

cortices, while the infragranular layer primarily connects with subcortical targets. Thus, in 

general, sensory evoked neuronal activity consists of initial transient changes, caused by 

thalamocortical inputs, and is followed by sustained activity caused by the recurrent and 

feedback inputs. These laminar profiles of specific synaptic events can be obtained by a 

current source density analysis using electrophysiological measurements obtained at 

different laminar depths (e.g., (Burns et al., 2010; Sellers et al., 2015)). To fully appreciate 

laminar fMRI, the relationship between the fMRI signal and this underlying neuronal 

processing must be understood. Although the exact relationship remains to be elucidated (for 

review, see Ekstrom (2010)), BOLD signal changes seem to be well correlated to local field 

potentials (LFPs), particularly the slow fluctuations in the LFP gamma-band (20 – 60 Hz) 

(Goense and Logothetis, 2008; Logothetis et al., 2001), although it can be context dependent 

(Maier et al., 2008). Laminar LFP patterns evoked by visual stimulation in the primary 

visual cortex of anesthetized monkeys show that the power of the sustained gamma-band 

LFP was high in layer IV and the supragranular layer (Fig. 3A). Since the interlaminar 

differences may also result from different strengths of initial transient synaptic inputs to 

individual layers and the initial thalamocortical transient does not seem to have an impact on 

hemodynamic responses (Harris et al., 2011; Radhakrishnan et al., 2011), the impact of the 

initial transient input to each layer should be normalized by calculating the ratio of sustained 

and initial transient responses (Xing et al., 2012) when the laminar LFP power is correlated 

to the fMRI response. Then, this normalized power of the sustained gamma-band LFP shows 

the highest value in layer IV (Fig. 3B–C). This highest normalized power of the sustained 

gamma-band LFP in layer IV also matches the locations of the highest glucose metabolism 

during stimulation (Kennedy et al., 1976) and the highest capillary density in primate 

primary visual cortex (Weber et al., 2008). Since changes in blood flow and glucose 

metabolism accompany changes in neuronal activity (Sokoloff, 1981), the largest fMRI 

responses evoked by sensory stimulation are expected to also be found in layer IV of the 

primary sensory cortices, as long as the blood supply to each layer is discretely regulated 

(Adams et al., 2014).

However, the sensory-stimulation evoked GE BOLD responses have a laminar profile 

different from this expectation in the primary sensory cortices of anesthetized animals. 

Typical positive BOLD signal amplitudes decreased from supragranular to infragranular 

layers (Goense et al., 2012; Harel et al., 2006; Herman et al., 2013; Kennerley et al., 2005; 

Lu et al., 2004; Silva and Koretsky, 2002; Smirnakis et al., 2007; Zhao et al., 2006). This is 

likely because BOLD contrast is sensitive to baseline total blood volume (see section 2.1), 

which is largest at the cortical surface (Tsai et al., 2009). To obtain blood volume changes in 

microvessels, Harel et al. (2002) measured CBVw fMRI responses in the cortical layers of 

the cat visual cortex and compared them to BOLD. They found that CBVw signal changes in 

the middle cortical layer were significantly higher than those in the other layers, unlike 

BOLD. A similar observation was reported by Lu et al. (2004) in the rat whisker barrel at 

3T. In their study, middle layers showing the largest CBVw response contained a dense cFos 

expression, which indicates large increases in neuronal activity. Later, Harel et al. (2006) 

histologically confirmed that the maximum CBVw changes occurred in layer IV, while the 

largest BOLD changes occurred in layer I and the cortical surface by co-registering fMRI 
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and anatomical MRI maps to the histological images in the cat visual cortex. If CBVw 

responses reflect total blood volumes, including veins, then CBVw responses should not 

significantly differ from the BOLD responses. However, CBVw changes predominantly 

originated from arterioles rather than venous vessels (Kim et al., 2007), indicating an active 

blood volume regulation. Indeed, arteriole-based CBVw responses were also localized to the 

cortical middle layer (Kim and Kim, 2010), whereas GE BOLD was not.

To recover layer-specific signals from BOLD responses, several techniques examined ways 

to remove the nonspecific contributions from large draining veins. By removing voxels 

containing venous contributions (i.e., the top 40% of activated voxels), layer IV was 

significantly more active compared to the top and bottom layers in the primate primary 

visual cortex (Chen et al., 2013). In addition, since the highest GE BOLD signal changes in 

the large draining veins can be removed with SE techniques (Zhao et al., 2004), Zhao et al. 

(2006) compared GE and SE BOLD and CBVw fMRI responses in the cat visual cortex at 

9.4 T. While they showed that the SE BOLD responses spread almost evenly across all the 

cortical layers, although the largest surface responses were removed, others showed that the 

SE BOLD signal peaked both at the surface and the middle layers (Goense and Logothetis, 

2006; Goense et al., 2007; Harel et al., 2006). Improved GE BOLD specificity was also 

observed with fast imaging techniques when responses were mapped before venous draining 

became prominent. Initially, Silva et al. (2000) obtained dynamic GE BOLD responses of 

the rat somatosensory cortex with a 108-ms temporal resolution, and found that the middle 

cortical region had a faster onset time than the cortical surface, indicating that the early 

positive BOLD response was more specific. Later with an even faster temporal resolution of 

40 ms, Silva and Koretsky (2002) confirmed that the fastest onset time of the positive GE 

BOLD response was in layers IV-V of the rat somatosensory cortex. Similar observations 

were reported in later studies (Hirano et al., 2011; Jin and Kim, 2008a; Yu et al., 2014). Jin 

and Kim (2008a) found that the BOLD response in the cat visual cortex was localized to the 

middle layer at the earliest time (3 – 5 s) and, subsequently, shifted toward the cortical 

surface (Fig. 2D). Yu et al. (2014) used line scanning fMRI with ~50-ms temporal and ~50-

μm spatial resolutions to similarly show that the earliest positive BOLD responses appeared 

in layer IV for thalamocortical inputs of the rat primary somatosensory cortex (Fig. 3D, red 

arrow) and layers II/III and V for corticocortical inputs of the motor cortex (Fig. 3D, blue 

and green arrows). The early onset BOLD specificity was further confirmed by peak 

MEMRI responses at the same laminar locations (Fig. 3E).

The CBVw responses in the cat visual cortex, on the contrary, appeared in presumably 

penetrating arterioles at the earliest time (3 – 5 s) and progressively became more localized 

to the middle layer as the length of the stimulus increased (Fig. 2E) (Jin and Kim, 2008a). 

These studies seem to suggest that downstream vasodilation follows the upstream 

vasodilation, although the backpropagation of vasodilation toward upstream vessels was 

suggested (Iadecola et al., 1997; Tian et al., 2010; Uhlirova et al., 2016). Consistent 

observations have also been reported in other model systems (Berwick et al., 2008; Moon et 

al., 2013). This time-dependent CBVw specificity may suggest that active and passive CBV 

control mechanisms dynamically modulate dilations of different vessel segments (Moon et 

al., 2013). CBF responses, on the other hand, peaked in the middle cortical layer and its 

specificity did not change much over time (Jin and Kim, 2008a). With BOLD, CBV and 
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CBF measures, Herman et al. (2013) estimated CMRO2 between different layers of the rat 

somatosensory cortex. In their findings, both BOLD and CBV responses decreased from 

superficial to deep layers, whereas CBF and CMRO2 marked the highest activity in the 

middle layer; more precisely, they described that “the CBF and LFP patterns were analogous 

to each other, whereas the CMRO2 and multiple unit activity (MUA) patterns were quite 

comparable as well”. Although this calibrated BOLD technique may be useful to improve 

the spatial specificity of fMRI responses, CMRO2 estimates require BOLD, CBV and CBF 

measurements, and thus it cannot be easily performed. Therefore, these studies imply that 

CBV and CBF fMRI techniques can mark the highest neuronal activity in layer IV (but see, 

(Herman et al., 2013; Shih et al., 2013)), while it is difficult to do so with BOLD fMRI 

alone.

However, the increased specificity of CBV and CBF fMRI does not always seem to be the 

case. With a ring-shaped checkerboard visual stimulation, Smirnakis et al. (2007) found 

CBV increases outside of the stimulated region in the primary visual cortex, where BOLD 

signals were not evoked. Goense et al. (2012) further examined this phenomenon with CBF, 

CBVw and GE BOLD fMRI at laminar resolutions in the primate primary visual cortex. A 

ring-shaped checkerboard visual stimulation evoked an increased BOLD signal in the 

stimulated visual area, whereas it evoked a decreased BOLD signal in the immediately 

surrounding area that was unstimulated. As in their earlier findings, both CBV and CBF 

increased in the middle cortical layer, where BOLD signals increased. However, in the 

region showing the negative BOLD across all the layers, CBV increased in the middle layer, 

while CBF decreased in the supragranular layer. A negative BOLD response was also 

evoked by somatosensory stimulation in regions surrounding the stimulated area of the 

rodent somatosensory cortex (Devor et al., 2007). This surrounding negative BOLD 

response peaked in the infragranular layer (Boorman et al., 2010; de Celis Alonso et al., 

2008) and was accompanied by a decrease in CBF and CBV (Boorman et al., 2010; Devor et 

al., 2007; Devor et al., 2005). Interestingly, the occurrence of these vascular responses in the 

surrounding regions was predicted by the passive redistribution of pressure gradients in the 

vascular network (Boas et al., 2008). However, since neuronal activity was also suppressed 

in the surrounding region (Devor et al., 2007; Shmuel et al., 2006), inhibitory processes that 

had increased metabolic activity (Devor et al., 2008; McCasland and Hibbard, 1997; Picard 

et al., 2013) may possibly be responsible for these responses. However, direct excitation of 

GABAergic neurons increased CBF response (Anenberg et al., 2015) as well as BOLD and 

CBVw responses (Poplawsky et al., 2015). Alternatively, neurovascular effects mediated by 

neuromodulator responses may be involved in this dissociation (Zaldivar et al., 2014). 

Although it is difficult to reconcile the observations in the negative BOLD regions, 

nevertheless, at least in the stimulated region where positive BOLD is evoked, CBVw 

responses are a better indicator for neuronal activity compared to BOLD. However, this 

largest CBVw response at layer IV evoked by sensory stimulation is insufficient to 

determine whether fMRI responses accurately represent layer-specific neuronal processing. 

The CBVw response, instead, could simply reflect the highest capillary density present in 

layer IV rather than the highest neuronal activity. We recently addressed this concern in the 

rat olfactory bulb by taking advantage of particular features of its simplified circuitry 

(Poplawsky et al., 2015).
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3.2 Olfactory bulb

A major issue with laminar fMRI is how discrete function in a single layer can be 

differentiated from activity in the other layers, especially in cortical circuits where 

neurophysiological activities between layers are reciprocally connected and interdependent. 

This limits the applicability of laminar fMRI to the study of neuroscience, unless we can 

better understand how different neurophysiological events contribute to hemodynamic 

responses and find ways to discreetly and differentially probe circuit function with targeted 

laminar stimulation. In this regard, the olfactory bulb is an ideal model since fewer recurrent 

connections between the layers allow for synapses in single discrete layers to be 

preferentially evoked using different stimuli (Fukuda et al., 2016). This is particularly 

advantageous to test whether laminar fMRI responses are independent of the baseline blood 

volume, which is greatest at the surface of the bulb and decreases with bulb depth 

(Poplawsky et al., 2016; Poplawsky and Kim, 2014). Similarly, the baseline microvascular 

blood volume is greatest in the synaptic input layer, the superficial glomerular layer (GL), 

and decreases with bulb depth (Borowsky and Collins, 1989; Lecoq et al., 2009); and 

matches well with the laminar profile of metabolic demand measured by 2-deoxyglucose 

(Sharp et al., 1977).

The olfactory bulb consists of six main layers (Fig. 4A) that can be easily identified with 

endogenous anatomical MRI contrast (Poplawsky et al., 2015; Wei et al., 2016) or MEMRI 

(Pautler et al., 1998). During odor stimulation, odorant molecules bind to receptors on 

olfactory receptor neurons (ORNs), located in the olfactory epithelium anterior to the bulb, 

and evoke action potentials that propagate through unmyelinated axons into the outermost 

bulb layer, the olfactory nerve layer (ONL). The ORN axon terminals synapse with the 

apical dendrites of mitral cells (MCs), the primary output neurons of the bulb, within 

spherical structures called glomeruli in GL that are located immediately below ONL. The 

MC somas are in the mitral cell layer (MCL) and send their axons to the olfactory cortex via 

the lateral olfactory tract (LOT). Activity of MCs is modulated by inhibitory granule cells 

(GCs) through dendrodendritic synapses between the lateral dendrites of MCs and GC 

dendrites in the external plexiform layer (EPL), which is located between GL and MCL. The 

GC somas are in the deepest granule cell layer (GCL) and receive inputs from extrinsic 

feedback projections that travel through the anterior commissure (AC).

A single glomerulus in the olfactory bulb receives projections from only a single population 

of ORNs that express the same type of odorant receptor. In addition, glomeruli are spatially 

arranged in distinct anatomical structures so that different odorant molecules elicit unique 

spatial patterns of glomerular activations throughout the bulb (Rubin and Katz, 1999; Spors 

and Grinvald, 2002; Uchida et al., 2000). Functional MRI using GE BOLD contrast was first 

used to map odor-specific activation of glomeruli in coronal sections of the rat olfactory bulb 

(Xu et al., 2000; Yang et al., 1998) that were consistent with MEMRI (Pautler and Koretsky, 

2002) and 2-deoxyglucose (Johnson et al., 1998) activation maps using similar odor 

stimulations. Later MEMRI studies further observed unique activation maps elicited by 

different odor stimulations at resolutions capable of distinguishing activity in single 

glomeruli (Chuang et al., 2010; Chuang et al., 2009), and provided a more direct means of 

assessing odor-specific synaptic activity with glomerular-resolution MRI technology. During 
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odor stimulation, the largest BOLD activations were observed in ONL and GL, with little to 

no BOLD responses in deeper bulb layers. Interestingly, although the odor-evoked fMRI 

response was largest in GL, evoked LFP amplitude (or gamma power) was largest in GCL 

where inhibitory neurons reside (Li et al., 2014a); the activity of which is believed to be 

important for the generation of the gamma frequency oscillation (for review, see Bartos et al. 

(2007)). To further examine odor-specific activation maps, BOLD responses were evaluated 

in GL only to form flat maps of glomerular activations and assessed modular activations in 

the bulb (Xu et al., 2003), similar to previous 2-deoxyglucose analyses (Johnson et al., 

2002). Odorants with slightly different carbon chain lengths showed unique BOLD 

activation patterns, further supporting the use of fMRI for mapping active glomeruli. The 

pattern of glomerular activity mapped with BOLD was reproducible within and across 

subjects (Schafer et al., 2006). However, BOLD contrast is complex and is known to be 

contaminated by vascular changes nonspecific to the site of neuronal activity, such as large 

changes in draining veins. To examine this, Poplawsky and Kim (2014) compared GE 

BOLD and CBVw fMRI maps in the same rats. We found that BOLD signal changes were 

primarily located in the bulb surface vessels, ONL and GL, while CBVw changes peaked in 

GL and EPL. Activation in ONL may be due to the layer-specific neurovascular coupling of 

the ORN unmyelinated axons, but few to no capillaries are in this layer and these axons may 

employ anaerobic respiration for energy (Lecoq et al., 2009). Therefore, the neuronal basis 

of fMRI responses located in ONL is debatable. Significant activations for both fMRI 

contrasts were observed in GL, the synaptic input layer, but the location of significant 

BOLD activations poorly correlated with the sites of CBVw activations; questioning 

whether either contrast accurately reflected the underlying neuronal activity. Thus, we 

further examined CBVw and BOLD contrasts while preferentially activating other bulb 

layers.

Although the greatest layer-specific fMRI responses are primarily observed in input layers 

(i.e., layer IV of primary visual and somatosensory cortices, GL of the olfactory bulb), these 

layers also contain the largest baseline microvessel blood volume, which confounds the 

interpretation of these evoked hemodynamic responses. To test whether fMRI responses 

accurately reflect synaptic activity in each layer, different layers must be independently 

evoked. Thus, we measured GE BOLD and CBVw fMRI responses across the bulb layers 

while we preferentially evoked synaptic activity in GL during natural odor stimulation (5% 

amyl acetate in mineral oil), EPL during electrical stimulation of LOT, and GCL during 

electrical stimulation of AC (Fig. 4). The layer-specific neuronal activity is, therefore, 

independent of the total and microvessel baseline blood volumes, which are greatest at the 

surface and in GL, respectively, and decrease with depth. We found that the positive BOLD 

responses were greatest in GL for all three stimulation types, which is likely reflective of the 

baseline blood volume condition rather than the underlying neuronal activity. On the 

contrary, the largest CBVw response was discretely segregated to the same layer as the 

evoked synaptic activity: greatest in GL for odor, EPL for LOT, and GCL for AC 

stimulations, respectively. Most importantly, despite the least baseline microvessel blood 

volume in GCL, the CBVw signal changes during AC stimulation were greatest in this layer. 

These layer-specific fMRI responses that are independent of the baseline blood volume 

strongly suggest that the microvasculature, particularly blood volume, is regulated within 
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layers (Poplawsky et al., 2015). More recently, we compared the relationship between the 

spread of the CBVw laminar response evoked in EPL during stimulation of LOT, and the 

vascular architecture of this layer using CLARITY-based methods and found a good 

correspondence between the spread of CBVw signal and the lengths of microvessels 

(Poplawsky et al., 2016). Therefore, high-resolution fMRI can be used to measure local 

network activity occurring in individual layers, but caution must be taken when interpreting 

GE BOLD data.

4. Open questions and future directions

Over the past two decades, many limitations toward examining laminar activity with fMRI 

have been resolved as discussed previously: 1) local microvessels are specifically regulated 

by synapses within layers, 2) several fMRI techniques, like contrast-enhanced CBVw fMRI, 

at laminar resolutions are capable of measuring microvascular changes while mitigating 

nonspecific vascular contributions, and 3) accurate spatial representations of layer-specific 

synaptic activity have been demonstrated in various in vivo brain circuits. However, there are 

still outstanding technical and neurophysiological questions that must be addressed to fully 

appreciate the use of laminar fMRI. How can the temporal and spatial resolutions be 

improved, with sufficient sensitivity, without compromising the other? How are different 

types of neuronal populations contributing to the hemodynamic response and can their 

individual responses be disentangled? What is the exact relationship between direct 

neurophysiological measurements, such as LFP frequency bands, and layer-specific fMRI 

responses? Can layer-specific changes be computationally recovered from traditional GE 

BOLD fMRI? Besides sensory evoked fMRI responses, resting state functional connectivity 

with fMRI (fcMRI) has useful translations for clinical care (Fox and Greicius, 2010). 

Interestingly, a study in the primate auditory cortex suggested that sensory evoked responses 

are initiated in layer IV, while spontaneous activity is initiated in layer V (Sakata and Harris, 

2009). Adding laminar information to fcMRI would provide further interest. Despite these 

questions, laminar fMRI in preclinical models is currently ripe for application, especially 

with the growing development of transgenic animal models that can be coupled with direct 

neurophysiological measurements.

Novel developments in data processing may aid in the better deciphering of laminar 

neuronal activity with fMRI. Currently, general linear models (GLMs) are the mainstream 

tool to determine fMRI activation maps that compare experimentally acquired time series to 

predicted responses, which is determined by convolving the rectangular stimulus time course 

with a generic hemodynamic response function. In their simplest form, GLMs are dependent 

on temporally-shaped responses that are static across different regions of the brain and are 

poor at separating specific and nonspecific activity if the temporal characteristics are similar. 

In our recent work, we evaluated activation maps calculated from a standard GLM and a 

machine-learning (ML) algorithm using GE BOLD and CBVw fMRI data acquired in our 

layer-specific olfactory bulb model (Murphy et al., 2016). Compared to the traditional GLM, 

we found significant improvement of the GE BOLD layer-specificity using ML when it was 

trained to the expected location of synaptic activity and a map of the total blood volume. 

This provides intriguing preliminary evidence that latent layer-specific GE BOLD responses 

can be dissociated from the nonspecific responses. Possibly, when trained to invasive 
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neurophysiological measurements and detailed maps of the arteries and veins, ML can be an 

excellent approach to noninvasively estimate laminar synaptic activities from fMRI data 

alone.

Many of the layer-specific fMRI studies have utilized only a single stimulation condition. 

One of the intriguing questions is how different stimulations or different contexts can 

modulate the laminar fMRI response profile. Olman et al. (2012) demonstrated differential 

layer-specific BOLD activations by preferentially stimulating magnocellular and 

parvocellular pathways of the visual system, since each pathway is processed in different 

cortical layers (Livingstone and Hubel, 1988). Specifically, they showed that BOLD 

responses were highest in superficial layers when the parvocellular pathway was 

preferentially stimulated, similar to the typical visually-evoked BOLD responses, while it 

had similar response amplitudes across all layers for the magnocellular preferential 

stimulation. However, besides neural-specific origins, these observations may also result 

from strong (1 – 2%) vs. weak (<0.5%) BOLD activations with parvocellular vs. 

magnocellular preferential stimulations, respectively. Alternatively, Wagner et al. (1981) 

reported that a moving horizontal grating pattern caused the greatest 2-deoxyglucose uptake 

in layer IV, while Gaussian visual noise motion increased the uptake in layers II and V more 

than in layer IV. It would be interesting to determine whether the same conclusions can be 

drawn from CBVw fMRI to these stimulations. Attentional modulations can also be studied 

with layer-specific fMRI. For instance, Self et al. (2013) recorded neuronal activity across 

layers of the primary visual cortex while monkeys performed a figure-ground segregation 

task. Neuronal activity representing the figure-ground segregation appeared during the 

sustained activity, such as 100 – 300 ms after stimulus onset. They found that the response 

was sustained in the superficial layers and particularly in layer V rather than layer IV during 

this period. Such a late phase modulation would occur by receiving feedbacks from higher-

order cortical areas as well as neuromodulator signals, such as acetylcholine, 

norepinephrine, serotonin, dopamine, and neuropeptides. Therefore, it is interesting to see 

how the laminar fMRI profiles evoked by a simple sensory stimulation in primary sensory 

cortex are modulated by remotely stimulating higher cortical areas or neuromodulator 

nuclei.

Optogenetic tools make dissecting discrete functions of neuronal circuits easier and clean 

since they target the expression of light-gated ion channels to single neuron types and in 

specific brain locations (Deisseroth, 2015). Several optogenetic fMRI (ofMRI) studies with 

the selective expression of channelrhodopsin-2 (ChR2), a cationic channel that depolarizes 

neurons with blue light, have shown that excitation of ChR2 expressing excitatory or 

inhibitory neurons increased hemodynamic responses both locally and at their extrinsic 

targets (Anenberg et al., 2015; Desai et al., 2011; Iordanova et al., 2015; Lee et al., 2010; Li 

et al., 2014b; Vazquez et al., 2014). ChR2 can also be selectively expressed in specific types 

of neuromodulatory neurons. For instance, photo-excitation of ChR2 expressing 

dopaminergic projection neurons originating from the ventral tegmental area, a midbrain 

nucleus, have been shown to induce BOLD and CBVw responses in regions, such as the 

striatum and thalamus, that were attenuated by dopamine receptor antagonists (Decot et al., 

2017; Ferenczi et al., 2016; Lohani et al., 2017). However, it is currently debatable whether 

these hemodynamic responses are directly caused by dopaminergic transmission or by 
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neuromodulation of glutamatergic excitability. In order to best appreciate the use of 

optogenetic tools in laminar fMRI, direct measurement of evoked neuronal activity must 

first be measured using techniques like current source density mapping (see section 3) or 

imaging of genetically-encoded indicators of electrophysiological activity (Lin and 

Schnitzer, 2016), such as fluorescent calcium indicators. Although these direct approaches 

have a more focused field of view or are limited to superficial layers, respectively, 

correlation to direct measurements is essential to authenticate the true laminar fMRI signals 

from the artifactual (Rungta et al., 2017). In all, ofMRI studies are systematically unlocking 

the cellular origins of fMRI responses, which are necessary for the accurate interpretation of 

laminar resolution activation maps. In addition, the ability of ofMRI to target single neuronal 

populations residing in different layers and having different laminar connections will further 

aid in the development and application of laminar fMRI. It is then interesting to speculate 

that laminar fMRI will soon be used to investigate how laminar circuit processing is 

dysfunctioning in animal models of human diseases or changing under normal learning-

induced plasticity.
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Highlights

• Reviewed layer-specific fMRI studies in animal models

• Localization of BOLD and other fMRI contrasts to true site of neuronal 

activity

• History of laminar studies in visual and somatosensory cortices and olfactory 

bulb

• Future of laminar fMRI with targeted optogenetic stimulation
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Figure 1. Suitability of different fMRI contrasts to measure layer-specific neuronal activity
Gradient-echo (GE) BOLD is the leading fMRI contrast. However, its signal changes 

originate from a complex interaction of cerebral blood flow (CBF), cerebral blood volume 

(CBV), and cerebral metabolic rate of oxygen (CMRO2) increases; and is dominated by 

hemodynamic changes in nonspecific vascular compartments, especially veins. For 

stimulation of the cat visual cortex, the largest synaptic input occurred in middle cortical 

layers but GE BOLD activations (A) were greatest on the cortical surface (surrounded by 

green lines) at the location of large pial vessels, which progressively decreased toward 

deeper layers (black lines delineate deepest edge of the cortical gray matter). Spin-echo (SE) 

BOLD (B) had decreased activity at the cortical surface and increased localization to the 

neuronal inputs in middle layers (i.e., increased layer-specificity) compared to GE BOLD, 

but had reduced sensitivity. Non-BOLD fMRI contrasts that examine a single hemodynamic 

component have increased layer-specificity. In the primary somatosensory cortex of a single 

representative rat during forepaw stimulation (C), manganese-enhanced MRI (MEMRI), 

which is sensitive to longitudinal relaxation time (T1) changes caused by manganese ions 

that enter evoked neurons through voltage-gated calcium ion channels, showed the greatest 

neuronal activity in layer 4 (D). Similarly, CBF changes from a different rat measured by 

arterial spin labeling were also greatest in this layer (E). Contrast-enhanced cerebral blood 

volume-weighted (CBVw) fMRI with intravascular injection of monocrystalline iron oxide 

nanoparticles (MION) also had excellent layer-specificity in the cat visual cortex with peak 

activations in the middle layers, regardless of whether GE (D) or SE (E) sequences were 

used. This supports a microvascular origin for fMRI studies using MION, even with GE 

sequences. Decreases in CBVw signals indicate CBV increases. Fig. 1A, B, F, and G were 

adapted from Zhao et al. (2006) and C–E from Duong et al. (2000b).
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Figure 2. Vascular origins of GE BOLD and CBVw fMRI and their time dependencies
Vascular T2*-maps (A), using a multiple gradient-echo technique, and BOLD and CBVw 

fMRI activation maps (B) at a single, midcortical depth of the rat primary somatosensory 

cortex were compared at resolutions capable of discerning individual venules (blue regions-

of-interest (ROI) masks, black on vascular map) and arterioles (red ROI masks, white on 

vascular map) to reaffirm the signal sources of these two contrasts. BOLD activations to 

short forepaw stimulations (<5 s) spatially corresponded to venules, while CBVw activations 

were localized to arterioles (C). Because both contrasts appear poorly layer-specific, 

contradictory to evidence presented in Fig. 1, the time dependencies of the BOLD and CBV 

changes are important. Specifically, shorter stimulations in the cat visual cortex were shown 

to be more layer-specific with BOLD fMRI (D), before venule contributions dominated, 

while CBVw signals were more nonspecific (E) when penetrating arteriole dilations were 

prominent (red arrows). On the contrary, longer stimulations evoked more nonspecific 

venous contributions for BOLD (F) and more specific microvascular compartments for 

CBVw fMRI (G). Black lines surround neural-specific middle layers and CBVw signal 

decreases indicate CBV increases. Fig. 2A–C were adapted from Yu et al. (2016) and D–G 

from Jin and Kim (2008a).
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Figure 3. Dynamics for the cortical depth dependent power of gamma-band LFP and fMRI
LFPs were recorded from all the layers in the primary visual cortex of anesthetized monkeys 

during visual stimulation of a 2-s long drifting sinusoidal grating. The powers of the gamma-

band LFP were plotted as a function of cortical depth and time (A); horizontal axis 

represents the time after stimulus onset, and colors represent the power of the gamma-band 

frequency. Horizontal dashed lines indicate the boundary of each cortical layer. The vertical 

line indicates 300 ms after stimulus onset. On the border of this time point, the LFPs were 

divided into the initial transient (Init, 0 – 200 ms) and the subsequent sustained (Sust, 300 – 

2,000 ms) components. The highest power for the initial component was in layer 5/6, while 

the highest for the sustained component was in layers 4 and 2/3. The temporally averaged 

sustained (red-shaded curve) and initial transient (blue-shaded curve) components of the 

gamma-band LFP power were separately plotted as a function of cortical depth (B). To 

normalize the different input strengths to the different layers, the ratio of the sustained 

gamma power over the transient gamma power was plotted as a function of cortical depth 

(C). The normalized power of the gamma-band LFP peaked in layer 4. The shaded regions 

in B and C represent the standard error of the mean for all the recording sites. (D – E) High 

spatial (50 μm) and temporal (50 ms) resolution line scanning fMRI was used to examine the 

layer-specificity of the early GE BOLD response. During forepaw stimulation, the earliest 

response was in layer 4 (red arrowhead) of the forepaw region of the rat primary 

somatosensory cortex (FP-S1), where strong thalamocortical inputs are prevalent; while 

during whisker pad stimulation, the earliest responses were in layers 2/3 (blue arrowhead) 

and 5 (green arrowhead) of the motor cortex (MC), where strong corticocortical inputs from 

whisker S1 regions are prominent (D). The layer-specificity of these fast signal changes 

were consistent with the peak MEMRI responses (yellow dots), a more direct reporter of 

increased synaptic activity (E, MEMRI signal x1,000). Fig. 3A–C were adapted from Xing 

et al. (2012) and D and E from Yu et al. (2014).
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Figure 4. CBVw fMRI has excellent layer-specificity when different layers are preferentially 
evoked in the rat olfactory bulb
Previous layer-specific CBVw studies consistently observed the largest fMRI activations in 

cortical input layers where, subsequently, the largest resting microvessel blood volume pool 

was also located. Therefore, it was unknown whether the CBVw responses were truly 

neural-specific or were, instead, a mere reflection of this baseline microvascular 

compartment. To test this, we chose the olfactory bulb model because isolated synaptic 

activity can be evoked in different layers using different stimulations. Specifically, odor 

stimulation (64 s duration, 5% amyl acetate) evoked the greatest synaptic activity in the 

superficial glomerular layer (GL), while electrical stimulations (64 s durations) of the lateral 

olfactory tract (LOT), containing the axons of the olfactory bulb output neurons, and the 

anterior commissure (AC), containing extrinsic feedback axons, evoked the greatest activity 

in the middle external plexiform layer (EPL) and the deep granule cell layer (GCL), 

respectively (A). The laminar fMRI responses to odor, LOT, and AC stimulations are shown. 

Group activation maps (B): n = 8 rats, threshold of p < 0.025 for voxel- and family-wise 

error correction (i.e., 30 voxel cluster minimum), black dashed lines surround the layer of 

preferentially evoked synaptic activity determined in the T2-weighted anatomical image 

(i.e., the grayscale underlay). Colored scale bars: ±4% for BOLD odor, BOLD AC, CBVw 

AC; ±6% for BOLD LOT; ±7% for CBVw LOT; ±10% for CBVw odor. For ROI analyses 

(C), the mean fMRI signal change of all voxels (i.e, no threshold) in each layer was 

normalized by the mean activity across all seven layers in each bulb hemisphere (n = 16 left 

and right bulbs for odor and AC stimulations, n = 8 right (R) bulbs for LOT stimulation 

since no activity is expected in the left). The mean activations between stimuli were 

compared at each layer with one-way ANOVA and two-sample t-tests (black brackets 

represent significance, p < 0.01, uncorrected). In both analyses, GE BOLD (top row) was 

poorly specific and was greatest in superficial layers for all three stimulations. A relative 

increase in the deepest layer for AC stimulation (B, top row, blue line) provided a small 

indication of layer-specificity. However, the peak CBVw fMRI responses (bottom row) were 

consistently specific to the layer of the greatest evoked synaptic activity regardless of the 

baseline microvessel blood volume, which is greatest in superficial GL and smallest in deep 

GCL (Borowsky and Collins, 1989; Poplawsky and Kim, 2014). These results support layer-

specific vascular regulation and its accurate detection with CBVw fMRI. Further, these 

results suggest that excitation of inhibitory neurons increases BOLD and CBVw responses. 

ORN, olfactory receptor neuron; Glu, glutamate; GABA, gamma-butyric acid; Surf, bulb 
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surface; ONL, olfactory nerve layer; MCL, mitral cell layer. Fig. 4A was adapted from 

Sakamoto et al. (2014) and B–C from Poplawsky et al. (2015).
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