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Abstract
Opiates are among the widely abused substances worldwide. Also, the clinical use of opioids can cause
unwanted and potentially serious consequences such as developing tolerance and dependence. In this
study, we simultaneously measured the changes induced after morphine dependence and naloxone-
induced withdrawal syndrome on the resting state functional connectivity (rsFC) and local field potential
(LFP) power in prefrontal cortex of the rat. Our results revealed that acute morphine administration
significantly increased the LFP power in all frequency bands as well as the rsFC strength of the prefrontal
cortex, and naloxone injection reversed this effect. In contrast, chronic morphine administration reduced
neural activity and general correlation values in intrinsic signals as well as the LFP power in all frequency
bands. In addicted rats, after each morphine administration, the LFP power in all frequency bands as well
as the rsFC strength of the prefrontal cortex were increased and these effects were further enhanced after
naloxone precipitated withdrawal syndrome. We conclude that general correlation merely reflects the field
activity of the local cortices imaged.

Introduction
Heroin and opium are two of the most widely abused opiates both for their euphoric and antinociceptive
properties. Drug addiction is a serious health concern around the world and can cause psychological and
financial damages 1,2. Opium consumption in certain parts of Iran is part of local traditions and culture.
Iran alone consumes 40% of the global opium. Moreover, despite the invention of new and safer
painkillers such as NSAIDs, morphine is still an important clinical tool for managing severe and chronic
pains, which is often associated with unwanted subsequences such as developing tolerance and
dependence in patients. Morphine dependence causes many physiological changes in the brain and
central nervous system. Therefore, understanding neurophysiology of addiction has been central to
extensive research in Iran.

Up to now, brain imaging studies have played an important role in understanding the addictive properties
of drugs. Some of these properties result from biological processes, particularly those in the brain's
structure and function. However, the study of how different drugs affect certain brain areas and what
areas of the brain are affected by these drugs needs further investigation2. The clinical and neuroimaging
studies have found the effects of abuse drugs on temporal insula and thalamus3, nucleus accumbens 4,
amygdala 5, prefrontal 6, and sensorimotor 7 cortices. Another study has also revealed differences in the
resting-state functional connectivity (rsFC) of the ganglia/limbic network in the resting-state before and
after addiction to nicotine8. These abnormalities in rsFCs within this network may be related to improper
rewarding effects in drug abusers.

Some studies 9–17 have found changes in functional and structural properties of the brain. However, the
effects of long-term opioid drug usage have not been extensively studied. Many of these studies have
used either functional imaging or electrophysiology techniques. Combining these two broad methods of
acquiring brain activity can produce very interesting information and give us unprecedented insights into
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how functional imaging relates to neuronal activity in general and how neoplastic changes during
addiction may be better described using a combined approach, in particular.

The main goal of this work is to compare the effects of chronic and acute morphine consumption on the
rsFC of the prefrontal cortex (PFC) using simultaneous optical imaging and LFP recording.

Functional connectivity (FC) expresses a statistical dependence between the brain signals 18. In other
words, two brain regions are functionally connected if they have synchronized or coherent dynamics 18–

20. The explanation of various measurements in the brain signals depends on the recordings method 2.
The FC measurements utilizing hemodynamic signals may help to system-level FC assessments. Indeed
it can represent the neural interaction between different regions of the brain 21,22. Whereas measurement
of the FC by measuring the neuronal spikes may help to cell-level assessments. In other words, it could be
expressed as functional connections between neurons 23. The rsFC changes can potentially be useful in
the assessment of different neuropsychiatric trajectories in drug abusers. The primary aim of studies
related to brain activities in drug abusers is to investigate the neurophysiological variations among
them2. The current work focuses on assessing the rsFC and neuronal activity measured by two recording
methods: OISi and LFP. OISi is an optical imaging method to indirectly measure the brain activity by
evaluating changes of the reflected light from the cortex and measuring the changes of the cerebral blood
oxygenation 24,25. Whereas the LFP recording is an effective electrophysiological method to check the
neuronal activities 26. Despite the effect of rsFC measurements in the diagnosis of different mental
disorders, the rsFC has been assessed in a few addiction-related studies 2,27. Using a combination of the
OISi and the LFP recording in morphine-dependent rats, the convergence between the FC changes and the
variations of the power of neuronal activities can be investigated. The rsFC based on OISi data can
analyze the low-frequency oscillations of the intrinsic hemodynamic signals 22. Furthermore, the resting
state's brain networks are related to brain functions such as reward, cognitive or sensory processes 28.
Thus, by assessing the resting state brain networks, one can get fundamental information about the
intrinsic function of the brain that may be helpful in recognizing the networks related to behaviors caused
by addiction, which may be useful in therapeutic or diagnostic mechanisms.

The aim of the present study is to determine how the rsFC and the LFP strength of the PFC is affected by
chronic and acute morphine abuse. We also intend to investigate the changes in these two factors
resulting from chronic and acute morphine withdrawal using naloxone. If morphine abuse produces
detectable changes in the rsFC of the PFC, then optical functional imaging methods with high spatial
resolution may become an important biomedical methodology in drug abuse and clinical research. One
of these imaging methods is OISi. This method can provide information about hemodynamic fluctuations
of the brain. In this work, we combined the OISi and the LFP recordings from the PFC of the rat and tried
to compare plastic changes undertaken after morphine addiction.

Results
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Effects of acute morphine injection, morphine dependence, and naloxone-induced withdrawal syndrome
on the rsFC of the PFC

On the experiment day, animals in both groups received a single dose of morphine followed by the
naloxone injection. Simultaneously recordings of the OISi and LFP data were performed before and after
each injection. Figure 1 shows the correlation and PCA maps of the morphine-addicted rats. Panels d, e,
and f of Fig. 1 show the mean correlation values for baseline, after morphine injection, and after
Naloxone-induced morphine withdrawal syndrome, respectively. Very significant improvement in
correlation values after morphine injection, and even further increases in these values after naloxone
injection are appeared compared to those of the baseline (pre-morphine) in PCA correlation maps (Panels
g, h, and i of Fig. 1) as well as in general correlation maps (Panels a, b, and c of Fig. 1) and may indicate
an overall increase in cortical FC. The results obtained using all three methods utilized to compute whole
cortex's correlation map showed that the Naloxone injection significantly amplified effect of morphine
injection in addicted rats (Figs. 1 and 3).

Acute morphine injection in the saline control group significantly increased the basic level of activity and,
therefore, remarkably enhanced the rsFC strength in the PFC (Fig. 2). However, in contrast to the addicted
rats, the naloxone injection failed to further enhance general, mean and PCA correlation values and
significantly reversed the effect of morphine injection on the rsFC strength. (Details are provided in
Supplementary Tables S1-S3). Notably, Naloxone injection significantly reversed effect of morphine
injection in general correlation, mean correlation, and PCA values in this group (Figs. 2 and 3).

A comparison of intra- and inter-hemispheric rsFC values between addicted and saline control group is
provided in Fig. 3. Panel (a) provides comparison of the general correlation values. Notably, there seems
to be a stronger correlation within each hemisphere regardless of treatment compared with the rsFC
strength between the two hemispheres. In addition, in the addicted group, while left and right hemispheres
seem to be in a very close state of activity before morphine injection, the rsFC strength increases with
morphine and naloxone injection, and the slope of the right hemisphere’s rsFC is slightly sharper than that
of the left hemisphere. However, in the saline group, morphine injection induces a greater activity in the
right hemisphere (similar to the addicted rats). In this group, morphine enhanced intra- and inter-
hemispheric rsFC values but naloxone injection reduces both intra- and inter-hemispherical brain
activities.

As panels (b) and (c) of Fig. 3 demonstrate, mean and PCA values follow a similar pattern but with a
stronger correlation overall.

The mean value and the standard deviation of rsFC strengths in the left and right hemisphere, across all
regions included in the PFC, as well as the connectivity strength between two hemispheres were
calculated using three mentioned correlation maps. These values were compared between different
experimental conditions in both groups utilizing one-way ANOVA. The numerical and statistical results
were reported in detail in the Supplementary Tables S1, S2, and S3. Furthermore, the rsFC strengths in pre-
morphine and post-morphine conditions were separately compared between morphine dependent and
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saline control rats (Supplementary Table S6). The results showed significant differences between the
morphine and the saline group of rats in both conditions. The P-value and therefore the significance level
of the statistical comparisons were shown in mentioned Supplementary Tables utilizing the symbols *, **,
***, ****, #, and n.s. for P < 0.05, P < 0.01, P < 0.001, P < 0.0001, P < 0.00001, and P ≥ 0.05, respectively.

Effects of acute morphine injection, morphine dependence, and naloxone-induced withdrawal syndrome
on the neural activity in the PFC.

Power spectra Plots of the LFP signal are plotted for the frequency intervals including Δ [0.1-4 Hz], θ [4–8
Hz], α [8–12 Hz], β [12–30 Hz], Low ϒ [30–80 Hz], and High ϒ [80–145 Hz]. Figure 4 sums up the average
power of each band for pre-morphine, post-morphine, and post-naloxone injection conditions for
morphine addicted and saline control groups. The mean value and the standard deviation of the LFP
powers in all mentioned frequency bands were also calculated and compared between different
experimental conditions utilizing One-Way ANOVA. The numerical values and the statistical results of
One-Way ANOVA comparisons for both groups were reported in Supplementary Tables S4 and S5. In the
saline control group, the acute morphine administration increased LFP power of all frequency bands and
subsequent naloxone injection significantly reduced it (the P-values of the Bonferroni test between pre-
morphine, post-morphine, and post-naloxone injections for Δ, θ, α, β, Low ϒ, and High ϒ frequency bands
were symbolized in Supplementary Table S4). In contrast, in the morphine dependent group, the morphine
injection increased average powerof LFP in all frequency bands (albeit not significantly), but naloxone-
induced withdrawal syndrome manifested itself in the form of a very significant enhancement of LFP
power in all frequency bands. The LFP powers in all frequency bands for pre-morphine and post-
morphine conditions were also separately compared between morphine addicted and saline control rats
(Supplementary Table S7). The results revealed remarkable differences between the morphine and saline
group of rats in both conditions for all specified frequency ranges except for ϒ frequency bands.

The shape of the power spectra Plots of the LFP signals in all frequency bands were evaluated more
carefully. These evaluations revealed remarkable changes in spectral shape of these signals for morphine
dependent rats after naloxone injections (Supplementary Fig. S1). However, these investigations showed
no significant changes in spectral shape of LFP signals in saline group of rats (Supplementary Fig. S2). It
can be inferred from the results that the LFP signals showed the increased oscillatory behavior following
naloxone injection in addicted rats.

Discussion
In the current work, the effects of morphine addiction on cortical network dynamics were compared using
simultaneous intrinsic functional imaging and local field potential recordings. The results showed that: 1)
acute administration of morphine significantly enhanced inter- and intra-hemispheric rsFC strength and
this effect was reversed after naloxone administration. Same effect was also observed in LFP power
average in all frequency bands. 2) Comparison of baseline rsFC (pre-morphine) values between addicted
and saline control group suggests that long-term morphine administration reduced the overall rsFC
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strength in the PFC. This effect was also present in the LFP activity of all frequency bands but on a
significant degree. And 3) naloxone injection significantly reversed effects of morphine injection on both
rsFC and LFP power values in saline group. However, the naloxone-induced morphine withdrawal
syndrome in addicted rats, caused further increase in rsFC strength and LFP powers of all frequency
bands. We showed for the first time that chronic morphine administration reduces baseline neural activity
of prefrontal region of the rat which is manifested both in rsFC strength and LFP power values.

A previous study on the Nucleus Accumbens 29 (a key loci in mesolimbic system) showed similar
increase in LFP powers after morphine injection. This observation can be (at least partially) explained by
a situation in which overall network activity of the mesolimbic system is enhanced after an acute
morphine injection. For instance, glutamatergic projections from the prefrontal cortex to the NAc 30 may
(partially) explain these seemingly coordinated changes in the network. Such acute effect can be reversed
by means of an opioid antagonist (naloxone) effectively reverses such situation. However, addiction to
opiate seems to have very different effects on the brain which is not far from expectation 31. In our data,
this is indicated by the shift in baseline activity of the prefrontal cortex in addicted rats. Surprisingly,
blockade of opioid receptors very significantly increases LFP powers.

The PFC is a key area for encoding and retrieving memory, cognitive functions 32, and addiction-
associated behaviors 33 that received dopaminergic innervation from the ventral tegmental area 34.
Studies showed that VTA-dopaminergic signals on PFC through D1-like dopamine receptors enhance
neuronal firing in PFC. Opioids, by acting on µ-opioid receptors, inhibit inhibitory interneurons and thereby
increase the firing of the VTA-DA projections by disinhibition mechanism 35. Therefore, there is a transient
increase in DA release in the areas that innervate by VTA-DA projections, such as Accumbens and PFC 36.
Neural activity enhancement in PFC may be explained by the increased phasic dopamine release
following the acute administration of morphine. Chronic morphine did not change the extracellular level
of dopamine and noradrenaline in PFC 37. Ning Liu. et al. demonstrated that EEG power in all frequency
bands in PFC declined following chronic morphine-injection in monkeys 38. In line with their results 38, in
the present study, we also showed that LFP-power in all frequency-bands was decreased after morphine
dependence in rats. Previous studies showed that the naloxone-injection increased the extracellular level
of dopamine and noradrenaline within PFC in morphine-dependence rats while the concentration of these
neuromodulators did not change following naloxone injection in the saline group 37. Therefore, the
increased oscillatory activity in PFC following naloxone injection in rats that received chronic morphine
may be resulting from the elevated dopamine level in PFC after naloxone injection.

Overall, similarities between the pattern of changes in LFP power and rsFC strength indicate that the
functional imaging signal in our study reflects general networks activity.

Methods

Experimental setup
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Optical intrinsic signal imaging (OISi) and local field potential (LFP) recordings were obtained
simultaneously in anesthetized rats. To this, the experimental OISi setup described in our last work 39 was
used. In addition, an electrode connected to the LFP recording box was used to record the cortical
electrical activity during imaging of the rat cortex.

Experimental procedures

Animals, Surgical Procedures And Data Recordings
Eighteen adult male Wistar rats (250–350 g) were housed under controlled temperature (22 ± 2 °C) and
constant humidity with a 12-hour light/dark cycle. All animals had free access to chow and tap water and
were caged individually. All testing procedures and treatments were conducted in accordance with the
National Institute of Health and Guide for the Care and Use of Laboratory Animals (NIH Publications,
revised in 2011) and were approved by the ethics in research committee of Shahid Beheshti Medical
University. The current study was carried out in compliance with the ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments). The rats were randomly divided into three groups, each including six
rats (behavioral control, saline, and morphine). The purpose of the behavioral control group preparation
was solely to prove effectiveness of the morphine dependence protocol (data are not shown). All LFP and
OISi experiments as well as all stages of data analysis were performed blindly to the details of animal
grouping. The rats were first anesthetized with urethane (1.25 g/kg) to prepare for imaging. After
removing the scalp, a 4 by 8 mm area of the skull on top of the PFC was thinned using a dental drill so
much so the coronary arteries were fully visible. Afterward, using dental acrylics, a wall was created
around the thinned cranial region of the cortex and was filled with artificial cerebrospinal fluid (ACSF) or
saline to keep the surface arteries and the cortex clearly visible during the experiments. Then the precise
position of the camera above the rat’s brain was located by using an XYZ stage 24,25,39. To record the
LFPs, an electrode was fabricated by twisting a pair of stainless steel microwires (100 µM, 11 mm length)
and inserted in the cortex via a small hole (0.5 mm diameter) drilled in the caudal quarter of the thinned
area. LFP signals were amplified (1000x), bandpass filtered (0-300 Hz), and digitized (1 kS/s) using a
commercially available data acquisition system and software (Niktek.ir). The animals’ body temperature
was kept at 37 °C using a thermal blanket throughout the experiment. Following the completion of the
experiments, all animals were decapitated using a lab guillotine under deep anesthesia.

Development Of Morphine Dependence In Rats
Dependency to morphine was induced using the following protocol: Animals in the behavioral control and
the morphine groups were received daily injections of morphine (25 µL, s.c, 2 times a day at 9:00 and
21:00) for 5 days. The protocol was started by 5 mg/kg injection for the first day (each daily injection
contained 2.5 mg of morphine), and the injection dose was gradually increased during the consecutive
days (10, 20, 30, and 40 mg/kg, from day 2 to day 5, respectively). The saline group was received daily
doses of saline injetion (25 µL) under the exactly same schedule for 5 days. All animals were received a
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single dose of morphine (40 mg/kg) on the testing day, 1 hour before surgery or 2 hours before the
behavioral test in the case of the behavioral control group.

Morphine withdrawal syndrome was induced by a single injection of Naloxone (5 mg/kg, i.p), 2 hours
after last morphine injection.

Morphine sulfate (Temad, Iran), Naloxone (Sigma, Germany), and Urethan (Sigma, Germany) were all
prepared freshly to use on the same day.

Imaging protocol

The imaging protocol was explained in detail in our previous study 39. After preparing the rats, imaging
was performed at 80 fps. The imaging trials in the current study were done by imaging the cortex for
about 20 minutes in resting-state conditions before- and after- morphine as well as after naloxone
injection in both groups.

In this study, the prefrontal cingulate cortex (Bregma, -2.5 to 5.5 mm; Lateral, -2.0 to 2.0 mm) of the two
groups (saline and morphine) of rats were imaged according to the Paxinos atlas of the rat brain 40. The
image of the PFC in which the LFP recording was also done, is shown in Fig. 5.

Analyzes

LFP signals analysis

The Chronux 41 toolbox for MATLAB (Mathworks, US) was used to analyze the LFPs. The spectral
analysis was performed using the multi-taper method. Five Slepian tapers and a time-bandwidth product
of 3 were used to achieve optimal spectral concentration. For each animal, the spectral power was
computed before and after morphine and naloxone injection.

Intrinsic signals analysis: Calculating the functional connectivity based on the intrinsic signals

To calculate rsFC, each imaging trial was divided into four trials containing 300 s resting state
experiments. The data of these experiments were analyzed to calculate the fractional value (FV) 39 of the
reflected light from the cortex to assess the rsFC of the cortex.

As previously reported in our previous study 39, at first, as a pre-processing analysis before measuring the
FC, a conventional regression method in the fMRI, known as “tCompCorr” global linear model analysis 42,
was used to better interpret the correlating and non-correlating regions in the FC maps. Afterward, to
obtain the rsFC of the cortex, the Pearson correlation between the FVs of the cortex regions was
measured. To reduce the calculation volume, the images were segmented into blocks of 10 × 10 pixels
and a time-related signal was assigned to each block by averaging its pixels’ FVs. Then, a bandpass filter
in the frequency range of 0.009–0.08 Hz was applied to the signals 21,43−45. The resulting signals were
then used to measure the Pearson correlation between the blocks to evaluate the FC 43,46. Finally, the
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Fisher z-transformation was applied to the correlation coefficients 43 and then these coefficients were
normalized between 0 and 1 in accordance with Peri’s study 18 to obtain the limited and normalized
coefficients.

Using the explained procedure, a large number (equal to the number of blocks) of the rsFC maps for each
experimental condition (before- and after- morphine as well as after naloxone injection) was obtained.
Each of these rsFC maps shows the functional connections between a block and the rest of the blocks
included in the PFC image. In the present study, three methods were used to calculate the overall rsFC in
the PFC. In the first method, each of the obtained rsFC maps was resized from the MxN matrix to a
1xMxN vector. These vectors were then placed in a larger matrix to create the “general correlation map”.
The resulting matrix has (MxN)x(MxN) components in which the elements of the first row show the
correlation values between the first block and the rest of the blocks in the cortex image. Similarly, other
elements of this matrix show the correlation values between every block of the cortex image with the rest
blocks (Figs. 1 and 2 (a-c)). In the second method, the obtained FC maps were averaged on component
by component and the "mean correlation map" was constructed (Figs. 1 and 2 (d-f)). As the third method,
to obtain an overall rsFC map “principal component analysis” (PCA) method was applied. In this method,
at first, every FC map was converted to a column vector. Afterward, the mean of these obtained vectors
was computed on component by component basis, and then it was subtracted from any vectors. Next,
the obtained vectors were placed in a bigger matrix. Afterward, the covariance matrix of the obtained big
matrix was computed. Finally, the eigenvectors and eigenvalues of the covariance matrix were calculated.
The eigenvalues were reordered in descending arrangement and in correspond to them, the eigenvectors
were also reordered. By adding the mean vector to the eigenvectors, and then by converting the resulted
vectors to the MxN matrices, the principal correlation matrices were computed. In the current study, by
evaluating the ratio of the sum of the first three eigenvalues to the sum of all eigenvalues, it was inferred
that the first three PCA matrices can be used to visualize 92% of the total functional connections between
the PFC regions. In addition, by using the same evolutions for the first 15 eigenvalues, it was found that
the first 15 PCAs could visualize 98% of the overall rsFC. In the current work, the first three PCAs were
utilized to visualize the overall rsFC maps of the cortex as done in Mikula et.al. study 47. The red, green,
and blue colors were used to display PCA correlation maps. Utilizing this procedure, one can assign the
RGB color combination to the set of blocks to produce a two-dimensional rsFC color map that can
visualize the overall rsFC matrix of the PFC with relatively high accuracy. The red, green, and blue colors
were assigned to the first, second, and third PCA correlation maps, respectively. In other words, in the
obtained color map, the blocks with similar color denote the blocks with similar rsFC profiles. The
obtained PCA correlation maps are shown in Figs. 1 and 2 (g-i).

Statistical analysis
After calculating the rsFC based on hemodynamic intrinsic signals and assessing the neuronal activity
based on LFP power in the PFC, the rsFC and neuronal activity values were compared between different
experimental conditions (before- and after- morphine as well as after naloxone injection) in the saline and



Page 10/19

the morphine group of rats. The significance of the differences between the different experimental
conditions in the two groups was measured using the one-way ANOVA. The normality and variance
homogeneity of the data of each group were respectively examined by using the Kolmogorov–Smirnov
and the Levene test as the required assumptions for parameter analysis. Bonferroni comparison tests
were used for the post-hoc analyses. Differences with P˂0.05 were considered statistically significant.

In order to statistically evaluate the changes induced in the rsFC of the PFC after -morphine and -
naloxone injection in the experimental groups, the three methods mentioned in the previous section were
used. So, one method to compare rsFC of the PFC between considered experimental conditions in the two
groups is to compare the general correlation maps. Utilizing the general correlation matrix, the average
value of the rsFCs across whole PFC, within each hemisphere, and between the two hemispheres were
compared between the mentioned experimental conditions. The average rsFC across the whole of the
PFC was measured by averaging the rsFC strength across all blocks included in the PFC image. The
average rsFC within each hemisphere was also calculated by averaging the rsFC strengths across the
blocks within each of the two hemispheres. Furthermore, the average of the rsFC strength between two
hemispheres was also computed by measuring rsFC strength between each block in one hemisphere and
each block in another hemisphere, and then by averaging them across all blocks included in one
hemisphere. Another method to compare the rsFC of the PFC between considered experimental
conditions is to compare the mean correlation maps. For statistical comparison, the mean values of the
rsFC strengths within left and right hemisphere and across all blocks within the PFC were compared
between all these experimental conditions in the two groups. These comparisons were done by averaging
all rsFC strengths included in the left and right half as well as in whole of the mean correlation matrix,
respectively. Finally, to numerically compare the rsFC values between considered experimental conditions,
the average of the correlation strengths included in 15 first PCAs was utilized. In these comparisons, the
average values of the rsFC within each hemisphere and across whole of the PFC were compared between
mentioned experimental conditions in both groups.

In order to statistically assess variations induced in the neuronal activity of the PFC after -morphine and -
naloxone injection, the average of the LFP power across ∆ [0.1-4], θ [4–8], α [8–12], β [12–30], Low ϒ [30–
80], and High ϒ [80–145] 48 frequency bands were compared between different experimental conditions
in the two groups.
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Figure 1

The "General correlation map" for (a). pre morphine, (b). post morphine, and (c). post naloxone conditions,
the “Mean correlation map” for (d). pre morphine, (e). post morphine, and (f). post naloxone conditions,
and the “PCA correlation map” for (g). pre morphine, (h). post morphine, and (i). post naloxone conditions
in morphine dependent rats. The first, second, and third principal correlation networks were shown in red,
green, and blue, respectively. The coordinate of the Bregma and the spatial scale bars on cortex images
were shown in panels (d) and (g).
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Figure 2

The "General correlation maps" for (a). pre morphine, (b). post morphine, and (c). post naloxone
conditions, the “Mean correlation maps” for (d). pre morphine, (e). post morphine, and (f). post naloxone
conditions, and the “PCA correlation maps” for (g). pre morphine, (h). post morphine, and (i). post
naloxone conditions in the saline group of rats. The first, second, and third principal correlation networks
were shown in red, green, and blue, respectively. The coordinate of the Bregma and the spatial scale bars
on cortex images were shown in panels (d) and (g).
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Figure 3

The changes of the FC strength utilizing (a). “General Correlation” , (b). “Mean Correlation” , and (c).
“average of first15 PCA” maps after morphine and naloxone injection in saline (dash line) and morphine
(solid line) group of rats: The mean and the standard deviation of the FC values at all experimental
conditions are illustrated in this figure. STD indicate the error bars or variations between pixels’ FC
strengths. The FC strength within the right and the left hemisphere are shown in green and blue,
respectively. The FC strength within the whole of the prefrontal cortex are shown in red. The FC strength
between the left and the right hemispheres are shown in black. The numerical values were reported in
Supplementary Table S2.
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Figure 4

Changes of the LFP power average in both group for six frequency domains before and after morphine
and naloxone injections: The mean and the standard deviation of the LFP powers at all experimental
conditions are illustrated in this figure. P-values and the numerical values of the LFP power average were
reported in supplementary Tables S4 and S5, respectively.



Page 19/19

Figure 5

The image of Prefrontal cortex (PFC). For each group of rats, for half of the total number of experiments,
the LFP electrode were inserted in the right hemisphere and for the remaining half, in the left hemisphere
of the brain and recorded the electrical activity of the PFC. The coordinate of the Bregma, the rostral-
caudal direction, and the spatial scale bars are shown in this figure.
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