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Abstract: Neuroimaging technologies with an exceptional spatial resolution and
noninvasiveness have become a powerful tool for assessing neural activity in both animals
and humans. However, the effectiveness of neuroimaging for pain remains unclear partly
because the neurovascular coupling during pain processing is not completely characterized.
Our current work aims to unravel patterns of neurovascular parameters in pain processing.
A novel fiber-optic method was used to acquire absolute values of regional oxy- (HbO) and
deoxy-hemoglobin concentrations, oxygen saturation rates (SO:), and the light-scattering
coefficients from the spinal cord and primary somatosensory cortex (SI) in 10 rats. Brief
mechanical and electrical stimuli (ranging from innocuous to noxious intensities) as well as
a long-lasting noxious stimulus (formalin injection) were applied to the hindlimb under
pentobarbital anesthesia. Interhemispheric comparisons in the spinal cord and SI were used
to confirm functional activation during sensory processing. We found that all
neurovascular parameters showed stimulation-induced changes; however, patterns of
changes varied with regions and stimuli. Particularly, transient increases in HbO and SO:2
were more reliably attributed to brief stimuli, whereas a sustained decrease in SOz was
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more reliably attributed to formalin. Only the ipsilateral SI showed delayed responses to
brief stimuli. In conclusion, innocuous and noxious stimuli induced significant
neurovascular responses at critical centers (e.g., the spinal cord and SI) along the
somatosensory pathway; however, there was no single response pattern (as measured by
amplitude, duration, lateralization, decrease or increase) that was able to consistently
differentiate noxious stimuli. Our results strongly suggested that the neurovascular
response patterns differ between brief and long-lasting noxious stimuli, and can also differ
between the spinal cord and SI. Therefore, a use of multiple-parameter strategy tailored by
stimulus modality (brief or long-lasting) as well as region-dependent characteristics may be
more effective in detecting pain using neuroimaging technologies.

Keywords: pain; oxygenated hemoglobin; deoxygenated hemoglobin; oxygen saturation;
neurovascular coupling; light scattering

1. Introduction

While decades of discoveries using neuroimaging technologies have revealed rich and complex
processes underlying various brain functions [1], the use of neuroimaging as an objective tool to
quantify or measure pain has been questioned [2]. This is because pain is a multifactorial subjective
experience of the nociceptive inputs associated with one’s memories as well as emotional,
pathological, genetic, and cognitive factors [3]. The often-called “pain matrix” due to a large
distributed brain network involved during nociceptive/pain processing leads to limited validation and
effectiveness (as examined by sensitivity and specificity) of neuroimaging signals in pain detection
and/or quantification [4].

In order to validate, improve or support neuroimaging as an effective and objective tool to measure
pain, a better understanding of neural, cerebral, and/or vascular physiology under different kinds of
painful/noxious stimulation and at different locations of the central nervous system would be
beneficial. A few recent studies using functional magnetic resonance imaging (fMRI) have confirmed
that BOLD signals, originating from regional deoxy-hemoglobin concentration changes, are altered
due to thermal pain and can be used as biomarkers to objectively assess pain [5,6]. Similarly, several
human studies using near infrared spectroscopy have demonstrated that thermal or electrical
stimulations induce changes of hemoglobin concentrations at different brain regions [7-9]. However,
many important physiological questions related to pain processing at different neurological sites
cannot be answered using a non-invasive approach in human subjects. Animal studies become a
necessary and important approach to address many of the physiological questions. In this particular
study, we aimed to answer the following questions: (i) how vascular hemoglobin concentrations and
oxygenation change under various short-term mechanical and electrical stimuli as well as a
long-lasting chemical stimulus; (i) whether the nociception-induced hemoglobin-based parameters are
contralateral or bilateral in the primary somatosensory cortex (SI) and/or spinal cord; and (iii) whether
there exists a single parameter that is consistently associated with noxious stimuli.
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To answer the questions given, it is necessary to precisely characterize the neurovascular coupling
during pain processing in the central nervous system. In this study, we utilized our recently-developed
fiber-optic method [10,11] that allows us to simultaneously acquire absolute values of regional
oxy-hemoglobin and deoxy-hemoglobin concentrations (i.e., HbO and Hb) as well as the
light-scattering coefficients (us': an effect describing photons being dispersed when diffusing into
biological tissue) from rat bilateral spinal cord and SI. In particular, the light-scattering property of
neurons is believed to manifest neural activation in various species, from the crab leg-nerves to squid
giant-axons [12,13], and from the retina to neocortices in cats and rats [14—19]. To investigate the
effectiveness of our optical signals-derived neurovascular parameters in pain detection/quantification,
we used three different stimulus modalities, namely graded mechanical (brushing, innocuous
pressuring, and noxious pinching), graded electrical (5, 10, and 15 V), or long-lasting chemical
stimulus (formalin injection) to rat hindpaw. Our results indicated that all neurovascular parameters
showed stimulation-induced changes. However, patterns of these stimulation-induced changes varied
with regions and stimuli, suggesting that a multi-parameter strategy tailored with respect to stimulus
modality may be more effective in pain detection/quantification.

2. Materials and Methods
2.1. Animal Preparation

Ten male adult Sprague-Dawley rats were used with a mean age of 102.1 + 0.6 (:SEM) days and a
mean weight of 377.9 + 14.5 g. All animals were initially anesthetized by a single intraperitoneal
injection of pentobarbital sodium solution (50 mg/kg). A PE10 tubing was inserted into the jugular
vein for continuous intravenous (i.v.) administration of pentobarbital sodium (5 mg/mL) at a fixed rate
of 0.02 mL/min to maintain anesthesia throughout data acquisition [20]. The lumbasacral segment of
rat spinal cord was exposed following laminectomy and then animal was immobilized on a stereotaxic
frame. The dura mater was resected, and mineral oil was used to cover the spinal cord to preserve
moisture. Rat body temperature was maintained at 37 °C by using a feedback-controlled heating
blanket (Homoeothermic Blanket, Harvard). The animal was further paralyzed by i.v. injection of
pancuronium (1 mL; 1 mg/1 mL/min) to prevent muscular twitches. Artificial ventilation (Model 683,
Harvard Apparatus, Holliston, MA, USA) was maintained throughout the experiment. All procedures
were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Texas at Arlington. Procedures also followed the guidelines described by the Committee for Research
and Ethical Issues of the International Association for the Study of Pain [21].

2.2. Data Collection

A customized needle-like fiber-optic system was used to collect reflectance of light at wavelengths
between 400 and 1000 nm [11]. Prior to the placement of optic probes over the spinal cord, a silver
ball-electrode was used to locate the ipsilateral dorsal root entry zone where strength of the primary
afferent inputs was maximal by gently tapping rat hindpaw and monitoring real-time recording (using
a oscilloscope and an audiometer). Two craniotomies were made over the bilateral primary
somatosensory cortices for hindlimb at posterior AP 0.8 mm and +2 mm lateral, and burr holes were
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then filled with drops of mineral oil before the placement of optic probes to avoid air gaps. Four optic
probes (0.85 mm in diameter) were positioned at the dorsal surface of the dorsal root entry zones at
L4-5 lumbar segment, and at SI burr holes bilaterally. A surgical microscope (Zeiss) was used to
ensure no-pressure contacts of probes to the SI and spinal cord. To investigate the microcirculation
system during functional activation, we purposely avoided large vessels for probe placements. The use
of bilateral assessments (of the spinal cord and SI) allowed us to confirm functional activation during
sensory processing. After the experiment, optical signals were converted into (HbO), (Hb), and ps’ by
using an iterative algorithm in Matlab (MathWorks, Natick, MA, USA). The algorithm is detailed
elsewhere [11]. The sampling rate was 0.6 Hz.

2.3. Mechanical, Electrical and Chemical Stimuli

Graded mechanical (e.g., brushing, pressuring and pinching) stimuli and electrical (e.g., 5, 10, and 15 V)
stimuli at 10 Hz with 1-millisecond pulse-duration (Grass S48 stimulator, US) were applied to rat
hindlimb unilaterally for 10 s. Mechanical stimuli were applied on the plantar surface [22,23].
Electrical stimuli were delivered to the ankle using two leads (i.e., bent syringe-needles) pierced
through the skin. Both mechanical and electrical stimulations were conducted in a block design with
five consecutive trials and an interval of 2 min to the same paw for each animal. After mechanical and
electrical stimulation, formalin (50 pL; 3%) was injected into the center of the plantar area of the other
paw. Some data from electrical stimulation paradigm were reported elsewhere [11].

2.4 Statistical Analysis

Wilks’ lambda, a multivariate Analysis of Variance (ANOVA), was utilized to test a baseline
difference between the spinal cord and SI based on bilateral measurements in each parameter
(e.g., HbO, Hb, HbT, SO2 or ps'). T-tests were utilized to test a stimulation-induced relative change
from baseline or to test a difference between hemispheres. Univariate one-way within-subject ANOVA
was used to test formalin-induced relative changes over time. Post-hoc contrast analysis and Fisher
LSD multiple comparisons were conducted to reveal a temporal pattern of formalin-induced change if
necessary. The alpha level was set at 0.05. All data were expressed in mean + standard error of the
mean (SEM). All statistical analyses were performed in SPSS 17.0 (SPSS, Chicago, IL, USA).

3. Results
3.1. Basal Levels of Hemodynamic Parameters and Light-Scattering Coefficients

Table 1 illustrates baseline measurements of HbO, Hb, HbT (HbO+Hb), SO2 (HbO/HbT), and ps'’
before the first stimulation, brushing, at four locations (n = 10). Within the spinal cord or SI, there
appeared no systemic difference between hemispheres. Between the spinal cord and SI, there were
significant differences in HbO, SOz, HbT and ps". Most prominently, the basal HbO in the SI was
higher than that in the spinal cord, whereas the basal light-scattering in the SI was lower than that in
the spinal cord. These basal differences should reflect a structural discrepancy. Anatomically, the
scanned region at the SI was mainly the grey matter, whereas at the spinal cord it was mainly the
white matter.
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Table 1. Absolute values of baseline neurovascular parameters (n = 10).
inal Cord I
. Spinal Cor : S SP vs ST
Ipsi Cont Ipsi Cont

HbO (uM) 31.1+£18.7 14.5+4.5 112.1 £21.7 71.8+15.6 p=0.002 (*)

Hb (uM) 50.5 + 28.7 18.8+7.9 46.7+16.7 68.1+18.9 p=0.079
SO; 0.40 +0.07 0.52+0.07 0.70 £0.08 0.51 £0.07 p = 0.044 (*)
HbT (uM) 81.3+47.0 33.4+11.0 160.1 £24.7 140.0 + 30.7 p=0.014 (*)
ns’ (cm™) 29.5+£3.6 35128 13.5£29 11.5+£0.6 p <0.001 (*)

*: p < 0.05 between the spinal cord and primary somatosensory cortex for hindlimb (SI). Ipsi: ipsilateral.
Cont: contralateral. SP: the spinal cord. Mean + SEM.

3.2. Mechanical- and Electrical-Stimulation-Induced Hemodynamic and Light-Scattering Changes

Typical examples of stimulation-induced hemodynamic and light-scattering traces from the

ipsilateral spinal cord are shown in Figure 1. Examples of relative changes (after block averaging, i.e.,

five blocks, and baseline subtraction) are shown in Figure 2. In particular, the ipsilateral spinal cord
tended to show longer (~30 s) responses in HbO, Hb, HbT and SO:, whereas the contralateral SI
tended to show shorter (~10 s) responses in HbO, HbT, SO2, and ps'.
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Figure 1. Typical examples of neurovascular responses to electrical stimulation of rat

hindlimb from the ipsilateral spinal cord. Stimulation parameters: 10 s; 15 V; 10 Hz pulse

train; 1-millisecond pulse-duration. Grey bars: five blocks of stimulation windows.
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Figure 2. Examples of relative changes in neurovascular parameters from rat spinal cord
and SI in response to noxious pinching (A) and noxious electrical stimulation ((B); n = 10).
Ipsi/cont: ipsilateral/contralateral, SP: the spinal cord. Error bars: SEM. Grey bars:
10-s stimulation period. A: relative change from baseline.

To investigate the effects of stimulus modality (mechanical or electrical), intensity (low, medium,
or high), and region (the SI or the spinal cord) on hemodynamics as well as on the light scattering,
averages of representative time periods (30 s for the spinal cord; 10 s for the SI) were used. As shown in
Figure 3, all five parameters (rows) showed stimulation-induced changes along the somatosensory
pathway (i.e., the ipsilateral spinal cord and/or the contralateral SI). Surprisingly, the stimulation-induced
changes did not always occur even at the highest intensity of stimulation. That is, the stimulation-induced
changes were not merely dependent on intensity, but on other factors such as region and modality. For
instance, the ipsilateral spinal cord was responsive to both modalities, whereas the contralateral SI was
responsive to only electrical stimuli. In addition, the spinal cord was more likely to show a change in
Hb than the SI. Finally, both regions showed a decrease in ps’, despite no consistency in intensity,
modality or lateralization.
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Figure 3. Relative changes in neurovascular parameters in response to mechanical and
electrical stimulations (n = 10). Shaded/empty bars: ipsilateral/contralateral side. #: p < 0.05
between sides; *: p < 0.05 against 0. Error bars: SEM. Br: brushing. Pre: pressuring.
Pch: pinching.
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3.3. Temporal Characteristics of Hemodynamics in the Spinal Cord and Sl

406

To precisely investigate temporal profiles of hemodynamic changes in response to brief stimuli, we

sought to determine the most reliable hemodynamic parameter. A signal-to-noise ratio (SNR; the
maximum divided by the standard deviation of 20-s baseline measurement) of HbO, Hb, HbT, and SO2
were computed; and the parameter with the largest SNR indicating the most reliable parameter. Our

SNR essentially utilized the peak value of a neurovascular response that was intended to minimize the

complex temporal dynamics. As shown in Figure 4, SO2 and HbO were generally superior to Hb and

HbT across regions, stimulus intensities and modalities. These two were selected for temporal analysis.
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Figure 4. SNR of hemodynamic parameters (n = 10) at four conditions: ipsilateral spinal
cord (A); contralateral spinal cord (B); contralateral SI (C); and ipsilateral SI (D). Four
comparisons: SO2 vs. Hb; SOz vs. HbT; HbO vs. Hb; HbO vs. HbT. §: p < 0.05 against Hb;
9: p <0.05 against HbT. Error bars: SEM.

As shown in Table 2, onset, peak time and duration (all in seconds) were used to demonstrate
temporal characteristics of stimulation-induced changes in HbO and SOz. Note that only a fraction of
rats showed a detectable onset at all stimulation conditions. To maintain sufficient statistical power, no
statistical analysis was performed for less representative cases (N < 5). In brief, the ipsilateral spinal
cord response appeared to occur later than the contralateral SI response (~4 vs. ~2 s in SO2; noted by
1). Also, the ipsilateral spinal cord responses peaked later than the contralateral SI responses (~11 vs.
~4 s in HbO or SOz; noted by ). Similar to the peak time, the ipsilateral spinal cord responses returned
to baseline later than the contralateral SI response (duration: ~30 vs. ~8 s in HbO or SOz2; noted by ).
Finally, there were delayed ipsilateral SI responses (~15 s in HbO or SOz; noted by i). Collectively,
there were significant differences in temporal profile of stimulation-induced changes between the
spinal cord and the SI.
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Table 2. Onset, peak time and duration (all in seconds) of stimulation-induced changes
in HbO (left) and SOz (right).
HbO SO

Onset Peak Duration n Onset Peak Duration n
Br  48+1.1(}) 9.8+0.9 15.6 3.1 8 73 +1.6 13.8+1.4 195£36 10

Pre 46+14 13.7+2.6 174+ 4.0 9 50+£1.0 13.7+2.6 172 +£3.7

Ipsi Pch 4.0+1.0 (D) 100=+1.1 15.6+3.3 8 35+0.5 13.1+1.8 19.8+3.2
SP 5V 32207(F) 108£09(f) 235+41(f) 10 42£07(H) 123+£08(H) 30.8+£45(H) 10
10V 40+1.0() 11.5+£09(H) 292+38(H) 10 2.8+05() 11.0+04(f) 353+3.8(1) 10
15V 3.8+1.5 123+ 1.1(F)  337+52(F) 10 42+15@G1)  133+£1.0(1) 307+£62(H) 10
Br 22+1.5 50+1.9 15.0+13.3 3 33+1.7 33+1.7 25+0.8 2
Pre 50+£33 50+3.3 1.7+£0 2 8.3 8.3 1.7 1
Cont Pch 42+42 6.7+1.7 42+25 2 28+28 44+24 33+1.7 3
SI 5vV 19+0.8 41+1.1 6.7 £2.1 7 1.1+£0.6 (3) 44+1.2 92423 6
10V 33x+0.7 (%) 48+0.7 45=+1.6 7 2.5+0.5 40=+0.6 58+1.7 8
15v 29+0.9 54+0.8 13.8+4.6 8 1.9+£0.5(3) 37+0.2 104 +2.1 9
Br 23.8+6.2 38.3+90.1 19.0+ 8.7 8 153+7.3 33.1+12.3 22.8+10.8 6
Pre 98+3.1 219+98 19.5+9.1 7 13.7+9.7 33.0+134 24.0+15.9 5
Ipsi Pch 27.4+9.5 476+ 8.4 18.8+5.6 7 22.8+8.5 52.5+12.7 32.8+11.6 6
SI 5v 202+ 8.8 30.5+6.7 214 +12.1 7 23.3+6.5 354+5.8 16.3+9.5 8
10V 15.0+4.4 33.0+54 265+59 9 156+5.2 26.7+64 13.2+4.0 9
15V 7.6+2.6 235+75 21.7+8.8 9 18.5+6.1 29.8+£6.2 31.3+9.8 8

Onset: the first time point since stimulation start when Z-score (HbO or SOz divided by the standard deviation of 20-s

baseline) > 1.96. Peak: the time point of the maximum since stimulation start. Duration: the period between the onset and

the first time point when Z-score < 1.96. Sample size (n): number of rats with a valid onset. f: p < 0.05 between the

ipsilateral spinal cord and the contralateral SI; {: p < 0.05 between the ipsilateral SI and the ipsilateral spinal cord (or the

contralateral SI).

3.4. Formalin-Induced Hemodynamic and Light-Scattering Changes

As shown in Figure 5, in the acute phase, the formalin-induced responses appeared to be highly
variable over time. Averages of the first 60-s period indicated the following: (1) an increase
in HbO and a decrease in Hb from the ipsilateral spinal cord and SI; (2) an increase in SOz from the
contralateral spinal cord and the ipsilateral SI; (3) a decrease in HbT only from the ipsilateral SI
(Table 3). In the acute phase, we failed to find any statistically significant change from the
contralateral SI. This may in part be due to a considerable level of individual difference (see large
error-bars in Figure 5). Note that due to massive bleedings and an unexpected death, the sample size
differed among regions (for the bilateral SI and contralateral spinal cord: n = 8; for the ipsilateral
spinal cord: n=9).
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Table 3. Acute neurovascular responses to formalin injection. Values: relative changes
from baseline.

Ipsi SP Cont SP Ipsi SI Cont SI

AHbO (uM) 2.2+0.8 (*) 25+1.8 0.8+0.3 (%) 2.1+1.3
AHb (uM) -1.6 £0.7 (%) -28+1.8 —-2.3+£0.6 (%) -1.5+1.3
ASO; 0.02 +0.03 0.03 £0.007 () 0.02 £0.002 (*) 0.003 £ 0.1

AHDbT (uM) 0.3+0.5 -0.1+0.8 -1.3+£0.6 (%) 05+22
Aps’ (cm™) 0.3£0.2 0.02+0.2 —0.002 £ 0.02 -0.5+0.5

*:p <0.05 against 0. Average period: 0-60 s.
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Figure 5. Acute neurovascular responses to formalin injection. Values: relative changes
from baseline. Black arrows: injection time. Error bars: SEM.
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As shown in Figure 6 and Table 4 (see averages of every 5 min over a total of 45 min), in the
delayed phase, only sustained decreases in SOz (from the ipsilateral spinal cord and the contralateral
SI), HbO (only from the contralateral SI), and HbT (from bilateral SI) were statistically significant. It
is noteworthy that the light scattering failed to show any statistically significant change after formalin
injection. Together, the hemodynamic parameters, namely SOz, HbO, and HbT, demonstrated
formalin-induced changes; patterns of these changes were functions of time and region.
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Figure 6. Full time course of neurovascular responses after formalin injection. Values:
relative changes from baseline. Black arrows: injection time. *: p < 0.05 (post-hoc Fisher
LSD). Each time point: average of 5 min. Error bars: SEM.
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Table 4. p-Values of time effect on neurovascular parameters.

Ipsi SP Cont SP Ipsi SI Cont SI
SO, 0.024 (**) 0.98 0.61 0.001 (**)
HbO 0.48 0.38 0.08 0.012 (*)
Hb 0.71 0.33 0.40 0.45
HbT 0.79 0.33 0.046 (**) 0.046 (*)
B’ 0.80 0.35 0.98 0.35

*: p <0.05 main effect; *: p < 0.05 post-hoc contrast analysis on linearity.
4. Discussions

We measured focal hemodynamic and light-scattering changes following mechanical, electrical, and
chemical noxious stimulation in rat SI and spinal cord by using a fiber-optic method. A phantom
experiment with a similar method suggests a signal penetration depth to be ~1 mm [19]. Thus, our
measurements in rats should have included sizable regions for accessing functional activation of the SI
and spinal cord. Our absolute measurements of HbT from the SI are in a physiological range of
a previous report [24]. More importantly, our results of electrical stimulation-induced HbO and Hb
changes in opposite directions from the ipsilateral spinal cord and the contralateral SI are
well-documented and are in agreement with the somatosensory pathway, suggesting that our
measurements are functionally relevant to neural activation. In contrast to the contralateral SI, the
ipsilateral SI, to a lesser extent, is thought to play a role in somatosensory processing as examined by
human neuroimaging techniques [25-27], likely via the corpus callosum [28]. The ipsilateral SI’s
neural activity also occurs later, and is weaker in intensity [27]. Regarding onset and intensity, our
results (Figure 2 and Table 2) appeared to resemble the electrophysiology of the human brain.
Nevertheless, the physiological significance of the ipsilateral SI in somatosensory processing or pain
processing remains poorly understood.

4.1. Electrical, but Not Mechanical, Stimuli Produced an Intensity-Dependent (HbO) Increase

The essence of our work was to determine a biomarker of pain. As shown in Figure 3, using HbO or
any other parameter alone was unlikely to differentiate noxious stimuli (pitching or 15-V)
from innocuous stimuli (brushing or 5-V). However, HbO from the spinal cord showed an
intensity-dependent change in response to electrical stimuli (F(2, 18) = 4.15, p = 0.03), but not to
mechanical stimuli (F(2, 18) = 1.85, p = 0.19). This modality disparity may be related to the nature of
stimuli, but not nociception.

In the peripheral nervous system, the primary afferents respond differently to various stimuli in
intensity- and modality-dependent manners. Modality is defined as a general type of stimulus that is
associated with a specific type of receptor on the primary afferents [29]. As an innocuous stimulus,
brushing only activates A-f primary afferent fibers conveying information from mechanoreceptors,
whereas noxious pinching primarily activates A-6 and C fibers conveying information from both
mechanoreceptors and nociceptors [30]. As an unnatural stimulus, electrical stimulation at 15 V is
more likely to activate A-6 fibers than at 5 and 10 V [31]. Therefore, electrical and mechanical stimuli
may activate a number of different neurons in periphery. In the spinal cord, there are low-threshold
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(only responding to innocuous stimuli), high-threshold (only responding to noxious stimuli), and
wide-dynamic-range neurons (responding to both), all of which receive sensory inputs from multiple
primary afferents [32]. The energy consumption (e.g., oxygen and glucose) in the spinal cord should
reflect a summation of all neuron types. It is thus possible that the population of neurons involved in
the process of mechanical stimulation was smaller than that in the process of electrical stimulation. As
a result, the energy consumption (in the spinal cord) by mechanical stimuli was smaller and less
intensity-dependent than that by electrical stimuli.

4.2. Regional Characteristics of Hemodynamic Responses

We found clear temporal differences between the SI and spinal cord in response to mechanical or
electrical stimuli (Table 2). There are two possible explanations. First, as the HbO and SOz increases
from the spinal cord seemed to be greater (Figures 2 and 3) and longer (Table 2) than those from the
SI; therefore, the spinal cord metabolism level may be greater in sensory processing. Sensory
information is processed at various stages in the central nervous system, and the spinal cord is the first
stage. Likely, this stage of sensory processing has less screening/filtering, and also involves ascending
information to a number of supraspinal structures (e.g., the thalamus, the cerebellum, the middle brain
etc.). As such, the sensory processing in the spinal cord may consume more energy than that in the
SI—where neurons are organized with respect to specific body parts (dermatome) and only process
very filtered information.

Second, there may be vasculature differences between the spinal cord and SI. Accumulating
evidence indicates that during neuronal activation, a local increase in blood flow is mainly due to
vasodilatation of arteries (but not veins) in the somatosensory cortex [33,34]. In our data, increases in
HbO consistently occurred in both the SI and spinal cord, suggesting vasodilation of arteries during
neuronal activation in sensory processing. However, changes in Hb were less consistent across regions,
intensities, or modalities. It may be that the spinal cord veins act differently than the cortical veins in
response to neuronal activation, and as a result, the temporal profiles of SO2 and HbO showed region-
dependent differences.

4.3. Hemodynamic Signatures of Spinal Cord and Sl in Response to a Long-Lasting Noxious Stimulus

The formalin test is a well-established model in study of long-lasting pain. Following a single
subcutaneous injection of formalin, animals show immediate pain-behaviors (e.g., licking and
elevating injected paw) for the first 5 min (Phase I), and after a 10—15 min quiescent period, they start
to show pain-behaviors again for more than 1 h (Phase II) [35]. This biphasic pattern is also
demonstrated by excitability of the spinal cord sensory neurons in anesthetized animals [36]. In line
with these classic findings, our previous study using fNIRI in rats has found distinct hemodynamic
patterns correlated with Phases I and II in a number of brain regions [37]. Similarly, in the current
study we found hemodynamic responses (from the bilateral spinal cord and ipsilateral SI) during Phase
I (Figure 5, Table 3), and a different response pattern (i.€., sustained linear decreases in SO2, HbO, and
HbT) during Phase II (Figure 6, Table 4). Such different response patterns between Phases I and 11
may underlie the well-documented biphasic physiological/behavioral pattern in the formalin test; the
pattern in Phase II may indicate a hemodynamic signature of formalin-induced long-lasting pain.
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It is well-accepted that an increase in blood flow to a specific brain region during functional
activation is a hemodynamic signature of neuronal activation, which is referred as to hyperemia [38].
Hyperemia is primarily due to arterial dilation [33,34]. As the metabolic-rate increase is significantly
less than the arterial blood influx [39], there will be a large increase in HbO and a small/no increase in
Hb. Likely, regional SO2 (HbO/(HbO + Hb)) will be elevated and approaches to arterial SO2 (~90%).
Our observations of hemodynamics during electrical stimulation are in accordance with the canonical
hyperemia notion. However, this was not the case in the formalin test (Figures 5 and 6). One possible
explanation for this is that the neurovascular coupling in the process of long-lasting pain may be
fundamentally different from the neurovascular coupling in sensory processing at an innocuous level.
When there is a much higher demand of energy consumption (e.g., in response to formalin injection),
the hyperemia hypothesis (i.e., arterial blood influx >> metabolic rate) may not stand. In the case of
formalin injection, arteries, capillaries, and veins may all respond at a significant level due to the high
metabolic-rate in the local neurovascular network. SO2 may no longer be merely determined by a
transient boost in HbO. A small decrease in Hb (~1.5 vs. ~10 uM from the spinal cord; Table 3, Figure
3) can counteract an increase in SOz during Phase I (non-significance; Table 3). During Phase I, all
blood vessels may be fully dilated and/or reach their physiological limits for transporting blood (i.e., a
ceiling effect), where a change in either HbO or Hb cannot meet the demand of heavy energy
consumption in the process of the long-lasting pain (i.e., arterial blood influx << metabolic rate); only
a decrease in SOz can reflect the ongoing energy consumption.

Hindlimb injection of formalin is only an animal model for long-lasting pain. To the best of our
knowledge, there is neither any human data characterizing formalin-induced pain, nor an equivalent
type of persistent pain in humans that lasts for one hour or so. Thus, there is a scarcity of studies that
link between the common SOz assessment in human clinic [40,41] and the physiology of long-lasting
pain. Nevertheless, both human and animal data using hyperbaric oxygen therapy suggests that a
systemic increase in SOz can alleviate chronic pain (note that chronic pain is associated with a
neuropathological condition that often lasts for days and beyond) [42,43]. Together with our formalin
results, the hyperbaric-oxygen-therapy-induced analgesic effect may indicate a causal relationship
between persistent pain and a decreasing SOz in associated regions in the central nervous system. That
is, a decreasing SO2 may underlie an aberrant interaction between neurons and vascular activity; this
aberrant interaction may play a role in pain processing.

4.4. Regional Characteristics of Light Scattering

Our measurements in the baseline period as well as in response to stimuli are in line with standard
practices in the field—the white matter has a greater light-scattering effect than grey matter [44].
Because-our probes were placed above the dorsal surface of rat SI and above the dorsal column of rat
spinal cord, our baseline measurements (ps: SI < spinal cord; Table 1) should mainly characterize the
light-scattering difference between the white matter and grey matter. In response to stimuli, the
changes in light scattering appeared to be complex; both positive and negative light-scattering changes
have been found in rat somatosensory cortex during forepaw stimulation [17]. Our results showed a
decrease in light scattering only in a limited number of stimulation and measurement conditions
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(Figures 3, 5 and 6). Stimulation-induced light-scattering change appeared to be dependent on time,
region, intensity, and modality.

4.5. Anesthesia

Pentobarbital anesthesia—known to depress cardiovascular activity and respiration [45]—was used,
because an in vivo assessment in awake rats using our customized device is extremely challenging. The
use of anesthesia completely ruled out such confounds as motion artifacts and behavioral states, and
ensured precise and consistent locations of scanned areas of interest over a long period of time. In
short, the use of anesthesia allowed us to inspect unique patterns of response to nociceptive/noxious
stimuli. In addition, as general anesthesia appears not to affect the early onset of evoked responses of
the central nervous system [46,47], our results under pentobarbital anesthesia in rats may to some
extent parallel some genuine characteristics of neurovascular response to somatosensory/nociceptive
stimulation in the awake state. However, because general anesthesia alters arousal states [48], and pain
perception consists of sensory, affective, and cognitive aspects, an interpretation of our results should
be cautious in comparison to human data derived from neuroimaging techniques.

5. Conclusions

A gradual decrease in SOz appeared to be a unique pattern for formalin-induced sustained pain,
which may be a biomarker candidate for long-lasting pain. We also found changes in hemodynamic
parameters and light scattering in rat spinal cord and SI during brief peripheral stimulation. Patterns of
these changes (e.g., amplitude, duration, lateralization, increase or decrease) in a single parameter did
not show a distinction between innocuous and noxious stimulation. Instead, patterns of these changes
depended on time, region, stimulus intensity, and modality. We expect that a multiple-parameter
strategy with careful consideration of combining factors such as regions and stimulus modality may be
more effective in detecting pain using neuroimaging technologies.

Acknowledgments

This study was supported in part by a National Institutes of Health (NIH) grant from National
Institute of Neurological Disorders and Stroke (NINDS) (4R33NS052850-03) and a University of
Texas at Arlington Startup Fund. We are grateful to Sweta Narvenkar for her assistance in data
acquisition and data processing. We also thank Nancy Liu and Shih Yen Yang for their extensive
editing and helpful comments on our manuscript.

Author Contributions

Ji-Wei He and Yuan Bo Peng conceived and designed the experiments; Ji-Wei He conducted the
experiments and analyzed the data; Hanli Liu and Ji-Wei He developed data-acquisition system and
the conversion algorithm; Ji-Wei He wrote the paper; Yuan Bo Peng and Hanli Liu provided helpful

suggestions in writing.



Brain Sci. 2015, 5 415

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Raichle, M.E. The restless brain: How intrinsic activity organizes brain function. Philos. Trans. R.
Soc. Lond. Ser. B Biol. Sci. 2015, 370, doi:10.1098/rstb.2014.0172.

2. Borsook, D.; Becerra, L.; Hargreaves, R. Biomarkers for chronic pain and analgesia. Part 1: The
need, reality, challenges, and solutions. Discov. Med. 2011, 11, 197-207.

3. Tracey, . Imaging pain. Br. J. Anaesth. 2008, 101, 32-39.

4. Woo, C.W.; Wager, T.D. Neuroimaging-based biomarker discovery and validation. Pain 2015,
156, 1379-1381.

5.  Brown, J.E.; Chatterjee, N.; Younger, J.; Mackey, S. Towards a physiology-based measure of pain:
Patterns of human brain activity distinguish painful from non-painful thermal stimulation.
PLoS ONE 2011, 6, e24124.

6. Wager, T.D.; Atlas, L.Y.; Lindquist, M.A.; Roy, M.; Woo, C.W.; Kross, E. An fmri-based
neurologic signature of physical pain. N. Engl. J. Med. 2013, 368, 1388—1397.

7. Becerra, L.; Harris, W.; Grant, M.; George, E.; Boas, D.; Borsook, D. Diffuse optical tomography
activation in the somatosensory cortex: Specific activation by painful vs. Non-painful thermal
stimuli. PLoS ONE 2009, 4, e8016.

8. Yennu, A.; Tian, F.; Liu, H.; Rawat, R.; Manry, M.T.; Gatchel, R. A preliminary investigation of
human frontal cortex under noxious thermal stimulation over the temporomandibular joint using
functional near infrared spectroscopy. J. Appl. Biobehav. Res. 2013, 18, 134-155.

9. Yucel, M.A.; Aasted, C.M.; Petkov, M.P.; Borsook, D.; Boas, D.A.; Becerra, L. Specificity of
hemodynamic brain responses to painful stimuli: A functional near-infrared spectroscopy study.
Sci. Rep. 2015, 5, 9469, doi:10.1038/srep09469.

10. He, J.W.; Kashyap, D.; Trevino, L.A.; Liu, H.; Peng, Y.B. Simultaneous absolute measures of
glabrous skin hemodynamic and light-scattering change in response to formalin injection in rats.
Neurosci. Lett. 2011, 492, 59-63.

11. Sharma, V.; He, J.W.; Narvenkar, S.; Peng, Y.B.; Liu, H. Quantification of light reflectance
spectroscopy and its application: Determination of hemodynamics on the rat spinal cord and brain
induced by electrical stimulation. Neurolmage 2011, 56, 1316—-1328.

12. Hill, D.K.; Keynes, R.D. Opacity changes in stimulated nerve. J. Physiol. 1949, 108, 278-281.

13. Cohen, L.B.; Keynes, R.D.; Landowne, D. Changes in axon light scattering that accompany the
action potential: Current-dependent components. J. Physiol. 1972, 224, 727-752.

14. Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee, M.R_; Flotte, T.;
Gregory, K.; Puliafito, C.A.; et al. Optical coherence tomography. Science 1991, 254, 1178-1181.

15. Maheswari, R.U.; Takaoka, H.; Kadono, H.; Homma, R.; Tanifuji, M. Novel functional imaging

technique from brain surface with optical coherence tomography enabling visualization of depth
resolved functional structure in vivo. J. Neurosci. Methods 2003, 124, 83-92.



Brain Sci. 2015, 5 416

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Srinivasan, V.J.; Wojtkowski, M.; Fujimoto, J.G.; Duker, J.S. In vivo measurement of retinal
physiology with high-speed ultrahigh-resolution optical coherence tomography. Opt. Lett. 2006,
31, 2308-2310.

Aguirre, A.D.; Chen, Y.; Fujimoto, J.G.; Ruvinskaya, L.; Devor, A.; Boas, D.A. Depth-resolved
imaging of functional activation in the rat cerebral cortex using optical coherence tomography.
Opt. Lett. 2006, 31, 3459-3461.

Rajagopalan, U.M.; Tanifuji, M. Functional optical coherence tomography reveals localized
layer-specific activations in cat primary visual cortex in vivo. Opt. Lett. 2007, 32, 2614-2616.

Liu, H.; Radhakrishnan, H.; Senapati, A.K.; Hagains, C.E.; Peswani, D.; Mathker, A.; Peng, Y.B.
Near infrared and visible spectroscopic measurements to detect changes in light scattering and
hemoglobin oxygen saturation from rat spinal cord during peripheral stimulation. Neurolmage
2008, 40, 217-227.

Peng, Y.B.; Lin, Q.; Willis, W.D. Effects of gaba and glycine receptor antagonists on the activity
and pag-induced inhibition of rat dorsal horn neurons. Brain Res. 1996, 736, 189—-201.
Zimmermann, M. Ethical guidelines for investigations of experimental pain in conscious animals.
Pain 1983, 16, 109-110.

Peng, Y.B.; Lin, Q.; Willis, W.D. The role of 5-ht3 receptors in periaqueductal gray-induced
inhibition of nociceptive dorsal horn neurons in rats. J. Pharmacol. Exp. Ther. 1996, 276,
116-124.

Ativanichayaphong, T.; He, J.W.; Hagains, C.E.; Peng, Y.B.; Chiao, J.C. A combined wireless
neural stimulating and recording system for study of pain processing. J. Neurosci. Methods 2008,
170, 25-34.

Plesnila, N.; Putz, C.; Rinecker, M.; Wiezorrek, J.; Schleinkofer, L.; Goetz, A.E.; Kuebler, W.M.
Measurement of absolute values of hemoglobin oxygenation in the brain of small rodents by near
infrared reflection spectrophotometry. J. Neurosci. Methods 2002, 114, 107-117.

Nihashi, T.; Naganawa, S.; Sato, C.; Kawai, H.; Nakamura, T.; Fukatsu, H.; Ishigaki, T.; Aoki, I.
Contralateral and ipsilateral responses in primary somatosensory cortex following electrical
median nerve stimulation—An fmri study. Clin. Neurophysiol. 2005, 116, 842—-848.

Hlushchuk, Y.; Hari, R. Transient suppression of ipsilateral primary somatosensory cortex during
tactile finger stimulation. J. Neurosci. 2006, 26, 5819-5824.

Zhu, Z.; Disbrow, E.A.; Zumer, J.M.; McGonigle, D.J.; Nagarajan, S.S. Spatiotemporal
integration of tactile information in human somatosensory cortex. BMC Neurosci. 2007, 8, 21,
doi:10.1186/1471-2202-8-21.

Killackey, H.P.; Gould, H.J., III; Cusick, C.G.; Pons, T.P.; Kaas, J.H. The relation of corpus
callosum connections to architectonic fields and body surface maps in sensorimotor cortex of new
and old world monkeys. J. Comp. Neurol. 1983, 219, 384-419.

Gardner, E.P.; Martin, J.H. Coding of sensory information. In Principles of Neural Science,
Kandel, E.R., Schwartz, J.H., Jessell, T.M., Eds.; McGraw-Hill: New York, NY, USA, 2000; pp.
411-429.

Georgopoulos, A.P. Functional properties of primary afferent units probably related to pain
mechanisms in primate glabrous skin. J. Neurophysiol. 1976, 39, 71-83.



Brain Sci. 2015, 5 417

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Peng, Y.B.; Ringkamp, M.; Campbell, J.N.; Meyer, R.A. Electrophysiological assessment of the
cutaneous arborization of adelta-fiber nociceptors. J. Neurophysiol. 1999, 82, 1164—-1177.

Chung, J.M.; Surmeier, D.J.; Lee, K.H.; Sorkin, L.S.; Honda, C.N.; Tsong, Y.; Willis, W.D.
Classification of primate spinothalamic and somatosensory thalamic neurons based on cluster
analysis. J. Neurophysiol. 1986, 56, 308-327.

Takano, T.; Tian, G.F.; Peng, W.; Lou, N.; Libionka, W.; Han, X.; Nedergaard, M.
Astrocyte-mediated control of cerebral blood flow. Nat. Neurosci. 2006, 9, 260-267.

Kim, T.; Hendrich, K.S.; Masamoto, K.; Kim, S.G. Arterial versus total blood volume changes
during neural activity-induced cerebral blood flow change: Implication for bold fmri. J. Cereb.
Blood Flow Metab. 2007, 27, 1235-1247.

Dubuisson, D.; Dennis, S.G. The formalin test: A quantitative study of the analgesic effects of
morphine, meperidine, and brain stem stimulation in rats and cats. Pain 1977, 4, 161-174.
Dickenson, A.H.; Sullivan, A.F. Peripheral origins and central modulation of subcutaneous
formalin-induced activity of rat dorsal horn neurones. Neurosci. Lett. 1987, 83, 207-211.

He, J.W.; Tian, F.; Liu, H.; Peng, Y.B. Cerebrovascular responses of the rat brain to noxious
stimuli as examined by functional near-infrared whole brain imaging. J. Neurophysiol. 2012, 107,
2853-2865.

Iadecola, C. Neurovascular regulation in the normal brain and in Alzheimer’s disease.
Nat. Rev. Neurosci. 2004, 5, 347-360.

Fox, P.T.; Raichle, M.E. Focal physiological uncoupling of cerebral blood flow and oxidative
metabolism during somatosensory stimulation in human subjects. Proc. Natl. Acad. Sci. USA 1986,
83, 1140-1144.

Vretzakis, G.; Georgopoulou, S.; Stamoulis, K.; Stamatiou, G.; Tsakiridis, K.; Zarogoulidis, P.;
Katsikogianis, N.; Kougioumtzi, I.; Machairiotis, N.; Tsiouda, T.; et al. Cerebral oximetry in
cardiac anesthesia. J. Thorac. Dis. 2014, 6 (Suppl. S1), S60-S69.

Scheeren, T.W.; Schober, P.; Schwarte, L.A. Monitoring tissue oxygenation by near infrared
spectroscopy (nirs): Background and current applications. J. Clin. Monit. Comput. 2012, 26,
279-287.

Yildiz, S.; Cimsit, M.; Ilgezdi, S.; Uzun, G.; Gumus, T.; Qyrdedi, T.; Dalci, D. Hyperbaric oxygen
therapy used to treat radiation injury: Two case reports. Ostomy/Wound Manag. 2006, 52, 14-16,
18, 20.

Thompson, C.D.; Uhelski, M.L.; Wilson, J.R.; Fuchs, P.N. Hyperbaric oxygen treatment
decreases pain in two nerve injury models. Neurosci. Res. 2010, 66, 279-283.

Gebhart, S.C.; Lin, W.C.; Mahadevan-Jansen, A. In vitro determination of normal and neoplastic
human brain tissue optical properties using inverse adding-doubling. Phys. Med. Biol. 2006, 51,
2011-2027.

Tremoleda, J.L.; Kerton, A.; Gsell, W. Anaesthesia and physiological monitoring during in vivo
imaging of laboratory rodents: Considerations on experimental outcomes and animal welfare.
EINMMI Res. 2012, 2, 44, doi:10.1186/2191-219X-2-44.

Masamoto, K.; Kanno, I. Anesthesia and the quantitative evaluation of neurovascular coupling. J.
Cereb. Blood Flow Metab. 2012, 32, 1233-1247.



Brain Sci. 2015, 5 418

47. Franceschini, M.A.; Radhakrishnan, H.; Thakur, K.; Wu, W.; Ruvinskaya, S.; Carp, S.; Boas, D.A.
The effect of different anesthetics on neurovascular coupling. Neurolmage 2010, 51, 1367-1377.

48. Brown, E.N.; Purdon, P.L.; van Dort, C.J. General anesthesia and altered states of arousal:
A systems neuroscience analysis. Annu. Rev. Neurosci. 2011, 34, 601-628.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



