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Editorial on the Research Topic
 Image processing methods in animal MRI and their application to evaluate brain function




As a non-invasive and non-radiative technique, magnetic resonance imaging (MRI) has been widely used in brain research (Ni, 2021). Recently, more and more findings about brain activation mode in specific state were reported via animal models and MRI (Benveniste and Blackband, 2002). The purpose of this special topic is to provide knowledge and information on the state-of-the-art methods currently used for image acquisition, (pre)processing, and evaluation of brain function in small animals.

It is difficult to expound brain function at cellular, systematic and functional levels. Multimodal neuroimaging approaches are able to combine techniques such as calcium imaging, optogenetics, electrophysiology, chemogenetics with functional magnetic resonance imaging (fMRI) and help scientists uncover the relationship between neuronal activity and vascular network dynamics, which would promote our knowledge of the brain from the level of single cells or circuits to the whole brain (Kosten et al.). Huang et al. reviewed fMRI papers of small animals under the state of stimulation categorized into electrical, visual, olfactory, auditory and other ways, and analyzed the similarities and differences, advantages and disadvantages of the stimulation sites, electrodes, and stimulation methods. The study provided invaluable comparative information on brain fMRI of small animals combined with stimulation (Huang et al.).

Lopez-Castro et al. proposed a method for operation of long-term implantable monopolar carbon electrodes in rats. Prelimbic cortex (PRL) implantable monopolar carbon electrodes were used to treat alcohol use disorder. This method of implantation generates smaller MRI artifact and serves clinical and basic research (Lopez-Castro et al.). In terms of data processing, Bao et al. constructed an automatic method for individual parcellation of rat brain MEMRI images, which further benefited case-control statistical analysis and improved the accuracy of ROI-based imaging analysis.

Alzheimer's disease (AD) is the most common cause of dementia. Many clinical and basic studies have aimed at improving effective identification strategies for AD (Valenzuela et al., 2020). Some AD imaging articles are included in this edition. High resolution diffusion tensor imaging (DTI) scanning displayed that the fractional anisotropy (FA) of 5xFAD mice showed differences at 4 months, indicating that the FA index of DTI can be used as a sensitive biomarker to detect amyloid deposition in 5xFAD mice, and can be used for preclinical research and detection of the efficiency of AD drugs (Maharjan et al.). At the same time, resting state fMRI of AD mice after electroacupuncture(EA) at Baihui and Shenting indicated that the ReHo value of local neuronal integration in hippocampus, entorhinal cortex and other brain regions increased, as well as the number of functional connectivity and neural fiber connections between entorhinal cortex and hippocampus increased, suggesting that EA intervention may be an effective strategy to treat memory defects in AD recognition (Lin et al.).

Hippocampus is closely associated with cognition and emotion. Sepsis associated encephalopathy (SAE) has been identified as a common complication of sepsis. SAE-induced pathological changes in the hippocampus may lay the foundation for the development of cognitive dysfunction and affective disorders. Yao et al. found significant changes of hippocampal-related brain networks i-n SAE rats, and the functional connectivity between the hippocampus and thalamus was positively correlated with affective deficits. Li et al. found that increased ALFF value, Glx/Cr ratio and mI/Cr ratio in hippocampus of SAE rats were positively correlated with cognitive impairment. Thus, changes in hippocampal network, ALFF, and metabolites may be potential neuroimaging biomarkers of cognitive impairment in SAE patients, which might provide the basis for the diagnosis of clinical sepsis (Li et al.).

Pan et al. used 18F-FDG PET/CT to identify the subregions of the posterior splenic cortex, the role of RSCDS and RSCGS in the coding process of rat contextual fear conditioning model, and the underlying brain network mechanism. The results showed that the role of rat RSCS in the formation of scene fear memory mainly depends on the RSCDS rather than the RSCGS.

In segmental sampling of rat's sciatic nerve imaging in DTI, RS-5 EPI sequence-derived FA and RD may be highly sensitive quantitative biomarkers for detecting histopathological changes of sciatic nerve in rats. These findings provide some reference value for the optimization of DTI sequence in the future peripheral nerve MRI research (Chen et al.).

We hope that the aforementioned studies which were included in this special topic can inspire new studies and novel future applications of small animal MRI in the fields of data acquisition, analysis methods, pre-clinical applications, biomarker detection and can contribute in more accurate prediction of disease progression and bring us a step close to clinical applications.
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Animal contextual fear conditioning (CFC) models are the most-studied forms used to explore the neural substances of posttraumatic stress disorder (PTSD). In addition to the well-recognized hippocampal–amygdalar system, the retrosplenial cortex (RSC) is getting more and more attention due to substantial involvement in CFC, but with a poor understanding of the specific roles of its two major constituents—dysgranular (RSCd) and granular (RSCg). The current study sought to identify their roles and underlying brain network mechanisms during the encoding processing of the rat CFC model. Rats with pharmacologically inactivated RSCd, RSCg, and corresponding controls underwent contextual fear conditioning. [18F]-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) scanning was performed for each animal. The 5-h and 24-h retrieval were followed to test the formation of contextual memory. Graph theoretic tools were used to identify the brain metabolic network involved in encoding phase, and changes of nodal (brain region) properties linked, respectively, to disturbed RSCd and RSCg were analyzed. Impaired retrieval occurred in disturbed RSCd animals, not in RSCg ones. The RSC, hippocampus (Hip), amygdala (Amy), piriform cortex (Pir), and visual cortex (VC) are hub nodes of the brain-wide network for contextual fear memory encoding in rats. Nodal degree and efficiency of hippocampus and its connectivity with amygdala, Pir, and VC were decreased in rats with disturbed RSCd, while not in those with suppressed RSCg. The RSC plays its role in contextual fear memory encoding mainly relying on its RSCd part, whose condition would influence the activity of the hippocampal–amygdalar system.

Keywords: contextual fear formation, retrosplenial cortex, brain metabolic network, graph theory, hippocampal-amygdalar system


INTRODUCTION

The posttraumatic stress disorder (PTSD) is a kind of anxiety disorder usually occurring after undergoing a traumatic event, of which the neural mechanism remains unclear (Brunello et al., 2001; Keane et al., 2006). Animal contextual fear conditioning (CFC) models are the most-studied forms for understanding PTSD and other stress-related disorders (Izquierdo et al., 2016). Defining the key neural correlates and circuitries involved in CFC is fundamental for understanding its underlying mechanism. Although the hippocampus (Hip), amygdala (Amy) nuclei, and the forebrain cortex are popularly recognized (Izquierdo et al., 2016; Alexandra Kredlow et al., 2022), a comprehensive understanding of the key brain regions and their interactions linked to CFC is still in the face of many challenges. Recently, the retrosplenial cortex (RSC) has received more and more attention because of its general activation in episodic memory (Vann et al., 2009; Corcoran et al., 2018).

Early evidence came from RSC lesion studies in animals showing the RSC was necessary in associative learning situations such as eyeblink conditioning and discrimination reversal learning (Gabriel et al., 1983; Berger et al., 1986). Later, in addition to spatial processing and navigation (Cooper and Mizumori, 2001; Vann and Aggleton, 2002), RSC was also found substantially involved in instrumental and associative learning of aversive stimuli (Lukoyanov and Lukoyanova, 2006; Keene and Bucci, 2008). Recent works exploring interactions between the hippocampus and other cortices in contextual fear memory demonstrated that the RSC was always engaged in, ranging from the encoding and retrieval phases to extinction (Cowansage et al., 2014; Jovasevic et al., 2015; Leaderbrand et al., 2016). Human imaging studies showed increased activity of RSC during contextual memory retrieval and autobiographical memory in healthy and PTSD subjects (Liberzon et al., 1999; Schacter and Addis, 2007). Furthermore, some neurodegenerative disorders with amnesia, typically Alzheimer’s disease, often accompany RSC pathological changes (Leech and Sharp, 2014; Weiner et al., 2017). Although numerous studies have suggested in principle the involvement of RSC in fear memory, the issue of its structural heterogeneity should be considered. Cytoarchitecturally, the RSC is composed of two major parts, granular area (RSCg) and dysgranular area (RSCd) (Vann et al., 2009). These two subregions are different in structural connections with other regions (Vogt and Miller, 1983; Vogt et al., 2005), which implies that they likely play distinct roles functionally. A few pilot studies exhibited RSCg and RSCd played different roles in spatial cognitive tasks (Pothuizen et al., 2009), supporting the view of functional heterogeneity of RSC. In contextual fear memory, however, the individual roles of RSCg and RSCd still remain unknown.

The brain is a complex system with glucose as the main energy source (Mergenthaler et al., 2013), and 18F-FDG PET imaging is widely used to study neural activities based on glucose metabolism. Relative to simple tests for regional metabolic patterns due to physiologic and pathologic activity, FDG metabolic brain networks would evaluate the property changes of the system globally as well as the relationships among local brain regions at the whole brain level, which is a significant advantage of this method to reveal the mechanisms of complex systems (Yakushev et al., 2017). Nowadays, metabolic brain networks based on FDG-PET images have been emerging as a useful tool in basic and clinical neuroscience (Zhang et al., 2019; Huang et al., 2020). In this study, to determine the roles of RSCg and RSCd during CFC of rat model, combining pharmacological approaches with [18F]-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) imaging and brain network methods, we investigated their effects and the underlying network mechanisms.



MATERIALS AND METHODS


Animals

Nine-week-old male Sprague-Dawley rats obtained from Vital River Laboratory Animal Technology Company (Beijing, China) were used in this study. The metabolic brain networks were generally constructed by Pearson’s correlations in an intersubject manner. Based on considerations of statistical power, a large sample size was always employed. In this study, four independent groups and a total of 113 rats were involved. Rats were initially housed in groups (five rats per cage) and then housed individually after surgery. Rats had free access to food and water under a 12-h light/12-h dark cycle in a temperature-regulated environment maintained at 25 ± 2°C at the Kunming Institute of Zoology (CAS, Kunming, China). All protocols were approved by the Institutional Animal Care and Use Committee of Kunming Institute of Zoology, Chinese Academy of Sciences (ID: SMKX-20190820-195).



Surgery and Infusions

Rats had surgery to intracranial implantation stainless steel guide cannula (RWD Life Sciences, Shenzhen, China), using the techniques described previously (Zhou et al., 2017). The stereotaxic coordinates of RSCd (-3 mm posterior, ± 0.6 mm lateral, 1 mm ventral to bregma) and RSCg (-5.20 mm posterior, ± 0.4 mm lateral, 2 mm ventral to bregma) were determined according to the Paxinos and Watson brain atlas (Supplementary Figure 1; Paxinos and Watson, 2005). Rats were allowed 7 days to recover from surgery before the behavioral procedures.

Tetrodotoxin (TTX, 20 μM, T111387-1 mg, Aladdin, Shanghai, China), the sodium channel blocker, was used as an inhibitor to inactivate the target regions in this study (Zhou et al., 2017); saline was used as vehicle. The inhibitor was infused at a volume of 1 μl per side into the target brain regions through the implanted guide cannulas by using the injection needles connecting to a syringe pump (LSP02-2B, Longer Precision Pump Co., Ltd., Baoding, China), and infused at a speed of 0.1 μl/min. All inhibitor and vehicle infusions were made 30 min before placing the rat in the conditioning chamber for training.



Contextual Fear Conditioning and Test

The procedures for CFC and retrieval were shown schematically in Figure 1A (Zhou et al., 2017). One day before CFC, rats were placed in the training box (MED-VFC-SCT-R, MED Associates Inc., Fairfax, VT, United States) to acclimate to the box by exploring for 12 min. On the day of training, the rats were placed in the training box and received 5 footshocks (0.8 mA, 2 s duration) with 2 min intertrial interval, and then returned to the homecage 2 min after final footshock. Retrieval tests were performed by placing the rats in the training box for 5 min without footshocks for independent groups at 5 or 24 h after conditioning. Freezing levels were recorded for scoring fear memory through the computer system (MED-VFC-SCT-R, MED Associates Inc., Fairfax, VA, United States).


[image: image]

FIGURE 1. Effects of suppressed RSCd/g on contextual fear memory formation. (A) Diagram for experimental procedures. (B) The learning curves of four group rats (RSCd vehicle/inhibitor group and RSCg vehicle/inhibitor group) show no significant difference; RSCd vehicle group n = 24, inhibitor group n = 22; RSCg vehicle group n = 35, inhibitor group n = 32. (C) Memory retrieval during the 5-h and 24-h post-learning tests are significantly impaired in the RSCd inhibitor independent groups compared to the RSCd vehicle independent groups; 5 h, RSCd vehicle group n = 12, inhibitor group n = 11; 24 h, RSCd vehicle group n = 12, inhibitor group n = 11. (D) There is no significant difference in memory retrieval between the RSCg inhibitor independent groups during the 5-h and 24-h post-learning tests compared to the RSCg vehicle independent groups; 5 h, RSCg vehicle group n = 18, inhibitor group n = 16; 24 h, RSCg vehicle group n = 17, inhibitor group n = 16. (E) Memory retrieval during the 5-h and 24-h post-learning is significantly impaired in the RSCd inhibitor groups compared to the RSCg inhibitor groups; 5 h, RSCd inhibitor group n = 11, RSCg inhibitor group n = 16; 24 h, RSCd inhibitor group n = 11, RSCg inhibitor group n = 16. ITI, intertrial interval; i.p., intraperitoneal injection. *p < 0.05, **p < 0.01, two-way ANOVA followed by Bonferroni’s posttests.




18F-FDG PET/CT Imaging Protocols and Image Preprocessing

Thirty minutes after the inhibitor (or vehicle) injection into the target brain area, rats were injected intraperitoneally with 18F-FDG (18.5 MBq/100 g of body weight). Then each rat was immediately subjected to fear training; 40 min after FDG injection, rats were anesthetized with isoflurane (5% for induction and 1.5–2% for maintenance) and fixed in a prone position on the scanning bed of an E-plus 166 micro-PET/CT scanner (Institute of High Energy Physics, CAS, Beijing, China). The scanning was performed for 20 min. After acquisition, the PET images were reconstructed by the two-dimensional ordered subset expectation maximization algorithm with corrections for decay, normalization, dead time, photon attenuation, scatter, and random coincidences, and the reconstructed image matrix size was 256 × 256 × 63 with voxel size of 0.5mm × 0.5mm × 1mm (Nie et al., 2014).

All the images were preprocessed using an improved toolbox for voxel-wise analysis of rat brain images based on SPM8 (Wellcome Department of Cognitive Neurology, London, United Kingdom) (Nie et al., 2014). The images preprocessing steps were as follows: (1) the individual images of rat were spatially normalized into Paxinos and Watson space; (2) the normalized images were smoothened with 2mm × 2mm × 4 mm Gaussian kernel; and (3) then the intensity of images was globally normalized in each image.



Construction of Brain-Wide Metabolic Network During Contextual Fear Conditioning in Rats

The metabolic networks were constructed as a collection of 39 nodes representing brain regions connected by edges corresponding to the links between them; 39 anatomical brain regions (Supplementary Figure 2 and Supplementary Table 1) were predefined by a three-dimensional digital map based on the Paxinos and Watson atlas (Nie et al., 2013). The correlation coefficient between each pair of nodes was calculated with Pearson’s correlation in an intersubject manner, and the absolute value of correlation coefficient was used to define the weight of the edge (Zhang et al., 2019).



Hub Nodes and Nodal Properties

Graph theoretic measurements were used to analyze the node properties. In this study, we mainly focused on the nodal degree and nodal efficiency, which characterized the node’s connectivity and efficiency of parallel information transfer in the network, respectively (Choi et al., 2014; Zhang et al., 2019).

The nodal degree is the sum weight that links a node to the rest of the network in a weighted network. We quantitatively determined the hubs by the nodal Z-score. Zi-score is defined to measure how well-connected node i is to nodes in a network (Zhang et al., 2019), which makes the nodal degree comparable between networks. The Zi-score is defined as

[image: image]

where ki=∑j≠i Aijδ(i,j) is the sum of the weight between node i and other nodes in a weighted network. [image: image] is the average of k over all the nodes, and σk is the standard deviation of k in a weighted network. Node i is defined as a hub when Zi-score > 1 (Zhang et al., 2019).

Nodal efficiency (Enodal) characterizes the efficiency of this node’s parallel information transfer in the network. The Enodal for node i is defined as

[image: image]

where Lij is the minimum path length between nodes i, j, and N is the number of nodes in a graph (Choi et al., 2014).



Core Brain Regions Associated With RSCd/g Metabolism During Contextual Fear Conditioning

Based on the brain-wide metabolic network of vehicle group, RSCd and RSCg were, respectively, selected as seed regions to search for brain regions highly metabolically relevant to them to construct their core network during CFC. Pearson’s correlation coefficients were calculated of the mean image intensity between the 39 nodes and the seed region. A strong Pearson’s correlation coefficient of 0.7 was used as a threshold to screen the brain regions that were strongly correlated with the seed region, and the supra-threshold brain regions were considered to form the core metabolic network related to RSCd/RSCg during CFC.



Statistical Analysis

Two-way ANOVA followed by Bonferroni’s posttests for multiple comparisons was used to analyze parameters of behavior performance. The value of p < 0.05 was considered statistically significant. Data were given as mean ± SEM. The permutation tests were used to evaluate statistical differences in node properties. First, the node properties of the metabolic networks were calculated separately for the inhibitor group and the corresponding vehicle group. Then the FDG images of the rat brain were randomly reallocated in two groups, and the correlation matrices for each randomized group were computed. The differences in the node properties between the two randomized networks were then calculated. The permutation tests were also used to evaluate the statistical differences in connection strengths between pairs of nodes in different networks. Permutations were repeated 10,000 times, and the results were used to estimate 95% confidence interval differences.




RESULTS


Suppressing RSCd During Fear Conditioning Impaired Memory Formation but Not While Suppressing RSCg

We examined the formation of fear memory under different treatments for independent groups, which were RSCd vehicle group, RSCd inhibitor group, RSCg vehicle group, and RSCg inhibitior group. As shown in Figure 1B, the freezing of rats was gradually formed as the number of training trials increased, and different vehicle/inhibitor treatment did not cause intergroup differences [Figure 1B: RSCd vehicle n = 24, inhibitor n = 22; RSCg vehicle n = 35, inhibitor n = 32; trials, F(5, 545) = 561.0, p < 0.001; group, F(3, 545) = 1.300, p = 0.278; trials × group, F(15, 545) = 0.806, p = 0.671; two-way ANOVA with repeated measures followed by Bonferroni’s posttests]. Memory retrieval at 5 or 24 h after learning for the independent groups of RSCd inhibitor was impaired to be more severe compared to RSCd vehicle groups [Figure 1C, 5 h: RSCd vehicle n = 12, inhibitor n = 11; 24 h: RSCd vehicle n = 12, inhibitor n = 11; time, F(1, 42) = 5.003, p < 0.05; group, F(1, 42) = 23.410, p < 0.001; time × group, F(1, 42) = 0.739, p = 0.3949; post hoc: 5 h: vehicle vs. inhibitor, *p < 0.05; 24 h: vehicle vs. inhibitor, **p < 0.001; two-way ANOVA followed by Bonferroni’s posttests]. Similarly, for RSCg independent groups, both time and inhibitor treatment provoked significant impairment in memory retrieval. But for the same time point, inhibitor treatment did not induce significant impairment of memory [Figure 1D, 5 h: RSCg vehicle n = 18, inhibitor n = 17; 24 h: RSCg vehicle n = 16, inhibitor n = 16; time, F(1, 63) = 8.377, p < 0.01; group, F(1, 63) = 6.424, p < 0.05; time × group, F(1, 63) = 0.709, p = 0.403; post hoc: 5 h: vehicle vs. inhibitor, p = 0.784; 24 h: vehicle vs. inhibitor, p = 0.129; two-way ANOVA followed by Bonferroni’s posttests]. In addition, we contrasted the effects of inhibiting the two subregions; memory retrieval at 5 and 24 h after learning for RSCd inhibitor groups were impaired to be more severe over time compared to RSCg inhibitor groups [Figure 1E, time, F(1, 51) = 9.220, p < 0.01; region, F(1, 51) = 14.330, p < 0.001; time × region, F(1, 51) = 0.317, p = 0.576; post hoc: 5 h: RSCd vs. RSCg, p = 0.147; 24 h: RSCd vs. RSCg, *p < 0.05; two-way ANOVA followed by Bonferroni’s posttests]. This seems to indicate that, respectively, suppressing the two subregions of the RSC before encoding does not interfere with the formation of the contextual fear memory, but suppressing RSCd would produce a profound disruption in the memory retrieval, whereas suppressing RSCg has no such effect.



Effects on Hub Nodes of the Brain-Wide Metabolic Brain Network of Suppressed RSCd/g During Contextual Fear Conditioning

In order to examine the differences in hub nodes of brain networks between independent groups under different treatments, we, respectively, constructed the brain-wide metabolic network during CFC for RSCd vehicle/inhibitor group (Figures 2A,C) and RSCg vehicle/inhibitor group (Figures 3A,C). The analysis of network nodal degree revealed that the hub nodes of brain-wide metabolic network during CFC included RSCd, piriform cortex (Pir), hippocampus, RSCg, amygdala, nucleus accumbens (NAc), and visual cortex (VC) (Figures 2B, 3B and Supplementary Table 2). In the RSCd group, Z-score of the nodal degree of hippocampus, Pir, RSCg, RSCd, and amygdala significantly decreased in the inhibitor group (*p < 0.05, ***p < 0.001, permutation test; Figures 2D,E). In the RSCg group, Z-score of the nodal degree of hippocampus and RSCg significantly decreased (*p < 0.05, permutation test; Figures 3D,E).
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FIGURE 2. Effects of suppressed RSCd on hub nodes of the brain-wide metabolic network during CFC. Brain-wide metabolic network of (A) RSCd vehicle group and (C) inhibitor group during CFC. Distribution of nodal degree Z-scores in network of (B) RSCd vehicle group and (D) inhibitor group. (E) Decrease in nodal degree of Pir, RSCd, RSCg, and hippocampus in rats with suppressed RSCd. The error bar indicates the 95% confidence intervals obtained from 1,000-iteration bootstrapping procedures. RSCd vehicle group n = 24, RSCd inhibitor group n = 22. *p < 0.05, ***p < 0.001, permutation test.
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FIGURE 3. Effects of suppressed RSCg on hub nodes of the brain-wide metabolic network during CFC. Brain-wide metabolic network of (A) RSCg vehicle group and (C) inhibitor group during CFC. Distribution of nodal degree Z-scores in network of (B) RSCg vehicle and (D) inhibitor group. (E) Decrease in nodal degree of RSCg and hippocampus in rats with suppressed RSCg. The error bar indicates the 95% confidence intervals obtained from 1,000-iteration bootstrapping procedures. RSCg vehicle group n = 35, RSCg inhibitor group n = 32. *p < 0.05, permutation test.




Effects on Nodal Properties of the Core Network of Suppressed RSCd/g During Contextual Fear Conditioning

Then, we examined the differences in properties of core networks among independent groups under different treatments. The RSCd and RSCg, respectively, served as seed regions to screen nodes that were highly metabolically relevant to them (Supplementary Table 3). The members of RSCd core network during CFC include RSCd, RSCg, Pir, Hip, VC, hypothalamus (Hyp), superior colliculus (SC), Amy, parietal association cortex (PtA), and posterior parietal cortex (PPC) (Figure 4A), while the nodes of RSCg core network were RSCg, RSCd, Pir, Hip, VC, Hyp, Amy, PtA, and supraoptic region (So) (Figure 5A).
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FIGURE 4. Effects of suppressed RSCd on its core metabolic networks during CFC. (A) Core metabolic network of RSCd vehicle group and inhibitor groups during CFC. (B) Degree centrality and (C) nodal efficiency of the hippocampus significantly decrease in rats with suppressed RSCd. (D) 10,000 permutation tests reveal a significant decrease in metabolic correlations between the hippocampus and multiple nodes in rats with suppressed RSCd. (E) The links that changed significantly in metabolic connectivity between nodes of rat brain with suppressed RSCd. MC, metabolic connectivity. RSCd vehicle group n = 24, RSCd inhibitor group n = 22. p < 0.05 was considered statistically significant.
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FIGURE 5. Effects of suppressed RSCg on its core metabolic networks during CFC. (A) Core metabolic network of RSCg vehicle and inhibitor groups during CFC. (B) Degree centrality and (C) nodal efficiency of nodes in RSCg core network do not alter significantly in rats with suppressed RSCg. (D) 10,000 permutation tests reveal that the metabolic correlations of the hippocampus with other nodes also do not alter significantly in rats with suppressed RSCg. (E) The links that changed significantly in metabolic connectivity between nodes of rat brain with suppressed RSCd. MC, metabolic connectivity. RSCg vehicle group n = 35, RSCg inhibitor group n = 32. p < 0.05 was considered statistically significant.


Nodal graph theoretic measures showed a significant reduction in hippocampal degree centrality (permutation test; Figure 4B) and nodal efficiency (permutation test; Figure 4C) with suppressed RSCd during CFC, whereas the above decrease was not observed upon suppressed RSCg (permutation test; Figures 5B,C).

By comparing the metabolic connectivity of the RSCd core network during CFC between the vehicle and inhibitor groups, a significant decrease in multiple connections associated with hippocampus was observed in the RSCd inhibition group, specifically, the connections Hip–RSCd, Hip–RSCg, Hip–Amy, and Hip–Pir (p < 0.05; permutation test; Figures 4D,E). However, metabolic connectivity of hippocampus was not observed significant reduction in the core network of RSCg inhibitor group (p < 0.05; permutation test; Figures 5D,E).




DISCUSSION

The present study examined the effects of RSCd and RSCg on the formation of contextual fear memory in rats and explored their underlying metabolic network mechanisms. Behaviorally, rats with disturbed RSCd showed 5-h and 24-h retrieval impairments, while those with disturbed RSCg did not. Network node degree centrality analysis revealed that both RSCd and RSCg, together with several key structures related to memory and spatial cognition, play hub roles in brain-wide metabolic network during CFC. However, rats with disturbed RSCd showed significantly reduced network connectivity of the hippocampal–amygdalar circuit, while subjects with disturbed RSCg did not.

Previous studies have demonstrated the RSC, as a whole functional entity investigated, is necessary in both formation and retrieval of contextual fear memory (Corcoran et al., 2011; Cowansage et al., 2014). Our findings also seem to be consistent with these reports, rats with disturbed RSCd showing impaired 5-h and 24-h retrieval. More importantly, our findings show that RSCd and RSCg, the major two main constituents of RSC, differ in the effects of rats on CFC behavior. The 5-h and 24-h tests were used to examine the results of memory formation and recent retrieval. For animals with pharmacologically inactivated RSCd before the 5-h test, their freezing periods were significantly decreased than those of controls and animals with suppressed RSCg. For 24-h tests without pharmacological interference, which means that neural correlates for retrieval should not be disturbed, animals also showed a significantly reduced freezing level. These results implicated that memory impairment might be contributed to the disturbed memory information process, not the retrieval phase. While animals with suppressed RSCg before conditioning, neither the 5-h nor 24-h test showed memory impairments. These results suggested that the RSC might mainly rely on the RSCd, not RSCg, to play its role in the contextual fear memory formation process.

The brain-wide metabolic network constructed for control rats showed the neural collections involved in the processes of memory formation. Particularly, some structures viewed as high degree nodes (or hubs) with greater connectivity were identified, which were thought to exert greater effect on network function (Vetere et al., 2017). These regions included the hippocampus, amygdala, RSC (RSCd and RSCg), and VC, happening to be the key brain sites involved in episodic memory and spatial cognition processes. Notably, RSC was one of the most prominent sites, suggesting its global importance and supporting the notion that the RSC might be a pivotal hub of the whole brain (Vann et al., 2009). The very richness of structural connections with other regions provides the basis for the role of RSC in a whole brain range. In both primates and rodents, extensive connections of RSC with numerous other cortices and subcortical nuclei, especially with thalamus, hippocampus, and forebrain, make its potential roles in various memory-related cognition tasks (Vangroen and Wyss, 1990; Kobayashi and Amaral, 2000, 2003, 2007; van Groen and Wyss, 2003). After pharmacologically inactivated, regions influenced by disturbed RSCg and RSCd are different. Under disturbed RSCd condition, a significantly decreased nodal degree occurred in the Pir, the hippocampus, the amygdala, and RSCg, while only the hippocampal degree was decreased in the RSCg situation. This finding suggested that the RSCd influenced the key memory-related structures, hippocampus and amygdala, more significantly than the RSCg. Moreover, disturbed RSCd affected RSCg, not vice versa, suggesting that there was a possible directly functional dependency of RSCg on RSCd during encoding processing of contextual conditioning, given their structural coupling.

Furthermore, the analysis for the core metabolic networks involved in RSCd/RSCg during CFC gave more specifically metabolic connectivity insight to the mechanism by which they play roles through interactions with other structures. Regions with high connectivity with RSCd and RSCg, respectively, are almost the same ones, including the Pir, hippocampus, amygdala, VC, and hypothalamus, and they largely overlap with the hub regions of brain-wide network. However, under pharmacological inference conditions, their effect on network properties of other regions differed significantly. Disturbed RSCd caused a decreased connecting strength between itself and the hippocampus, hippocampus and the Pir, and hippocampus and amygdala nuclei. While in the disturbed RSCg situation, the decrease in connecting strength occurred only between the hypothalamus and the amygdala nuclei, and the supraoptic region and the amygdala nuclei. The hippocampal–amygdalar system is viewed as one core mechanism for the information of contextual fear memory, in which the amygdala nuclei is responsible for coupling of conditioning stimuli and unconditioning stimuli and the hippocampus is engaged in encoding and recent storage processing (Ciocchi et al., 2010; Fanselow and Dong, 2010; Strange et al., 2014). Decreased connectivity between these two structures would directly lead to the failure of contextual fear memory formation. One possible mechanism is that, contrasted to RSCg, the RSCd is particularly involved in spatial information processing associated with the environment due to its heavy connection with the VC (Vogt and Miller, 1983). Because of the possible perturbed information flow of contextual information, the hippocampal–amygdala memory formation circuit was not evoked.

Another notable finding is that the disturbed RSCd also reduced the connectivity between the hippocampus and the Pir, while the RSCg did not. In animals, contrasted to human beings, contextual memory for environmental odors plays a vital role in their life and regulates many behaviors crucial to living, in which the Pir/olfactory cortex are always involved by their direct connections with the hippocampus and the amygdala nuclei (Chu and Downes, 2002; Willander and Larsson, 2007). Whether this olfactory learning mechanism is generally engaged in contextual memory or only triggered under certain specific conditions needs further investigation. Taken together, our findings suggest that the RSCd might play its role in the formation of contextual memory by triggering the evocation of the hippocampal–amygdalar system.

In summary, the present study demonstrated the rat RSC might play its role in contextual fear memory formation processes mainly relying on its RSCd constituent rather than the RSCg part, which might be performed by calling the hippocampal–amygdala system. These findings may also provide a useful target for pharmacotherapeutic treatments of some disorders with retrograde amnesia syndrome as well as PTSD with persistent fear. And metabolic network approaches provide an efficient means by which concerning neural correlates under particular tasks can be investigated in vivo.
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Background: Sepsis-associated encephalopathy (SAE) has been identified as a frequent complication of sepsis, featured by an aberrant level of cognitive and affective functions. The present study is designed to explore the changes in functional connectivity (FC) of the hippocampus in rats with SAE utilizing resting-state functional magnetic resonance imaging (rs-fMRI).

Methods: Sprague-Dawley rats were randomly assigned to the SAE and control groups. We acquired rs-fMRI data using a 7T MRI to evaluate hippocampal network functional differences between the two groups with a seed-based approach. Behavioral performance was assessed using the open field test and forced swimming test. Statistical analysis was undertaken to evaluate the correlation between the hippocampal FC and behavioral findings.

Results: Compared with the control group, the SAE group showed increased FC between the bilateral hippocampus and thalamus, septum, bed nuclei stria terminalis (BNST), left primary forelimb somatosensory cortex (S1FL), primary motor cortex (M1), and inferior colliculus. Increased FC between the left hippocampus and thalamus, septum, BNST, left S1FL, and inferior colliculus was observed. While with the right hippocampus, FC in thalamus, septum, left S1FL and inferior colliculus was enhanced. Additionally, positive correlations were found between the hippocampal FC and the immobility time in the forced swimming test.

Conclusion: Hippocampus-related brain networks have significant alterations in rats with SAE, and the elevated hippocampal resting-state FC was positively related to affective deficits. Changes in FC between the hippocampus and other brain regions could be a potential neuroimaging biomarker of cognitive or mental disorders triggered by SAE.
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INTRODUCTION

Around 70% of patients with sepsis develop sepsis-associated encephalopathy (SAE), a generalized malfunction of the brain caused by infections that occur outside of the central nervous system (Andonegui et al., 2018; Chen et al., 2020). Patients with SAE usually manifest as severe and long-term cognitive impairment in the chronic phase (Semmler et al., 2013). In addition to cognitive damage, survivors also have a higher rate of psychiatric illnesses, such as depression, anxiety, post-traumatic stress disorder, and a proclivity to self-harm, than the general population. Long-term cognitive deficits and negative emotions provoked by SAE are clearly detrimental to the patients’ quality of life. However, the pathophysiology of SAE is intricate and the mechanisms causing neurological dysfunction are still inconclusive. Relevant studies have shown that SAE may be related to neuroinflammation, impaired vascular function, neuroendocrine dysfunction, neurotransmission disturbances, and other mechanisms (Sharshar et al., 2003; Semmler et al., 2007; Goodson et al., 2018). These aberrant processes are especially susceptible to specific brain regions involved in arousal, autonomic regulation, determining behavioral response to stress, and more sophisticated cognitive tasks. Therefore, the pathological alterations in or between these brain regions and corresponding behavioral changes in SAE patients have always been hot and difficult issues in clinical research.

Resting-state functional magnetic resonance imaging (rs-fMRI) is a promising application for exploring brain networks, which has been widely employed in both healthy and pathological states to research the brain and its functional structure (Lee et al., 2010; Hutchison et al., 2012; Lei et al., 2014). The resting-state functional connectivity (FC) measures the temporal dependency between neuronal activity patterns across anatomically distinct brain regions, and it sheds new light on how functional brain networks relate to human behavior (Qiu et al., 2016). A similar method can be used in rats to acquire translational measurements in models of neuropsychiatric disorders. Previous imaging studies demonstrate that the FC within the default-mode network (DMN) was significantly increased in rats with SAE, which promoted the pathophysiological understanding of cognitive and affective impairment in SAE from the perspective of neuroimaging (Ji et al., 2018).

The hippocampus is known to exist as the primary site of nerve formation in the adult brain, which participates in mediating cognition and emotion (Jinno, 2011). There is some evidence to suggest that abnormal hippocampal neurogenesis is an essential pathogenic trait of SAE (Yin et al., 2020). Furthermore, molecular targets are modified in animal models of sepsis, which have a predominant impact on the hippocampus (Comim et al., 2010; Steckert et al., 2017). Pathological changes in the hippocampus caused by SAE may lay the groundwork for the occurrence of cognitive dysfunction and affective disorders. Nonetheless, it remains unknown how the hippocampus interacts with other related brain regions, as well as its relationship with impairment of cognitive or emotional functions in individuals with SAE. Considering the pronounced vulnerability of hippocampal functional organization to the complex neuropathological processes of sepsis-related injury, we picked the hippocampus as the region of interest (ROI) and assumed that the hippocampal FC would be altered in SAE rats.

The objective of this research is to investigate the features of hippocampus-related brain networks in rats with SAE, and to further explore the relationships between the altered FC and cognitive and affective disorders. Our findings may provide a new key reference for comprehension of the neural mechanisms underlying SAE.



MATERIALS AND METHODS


Animals and Modeling

The experimental procedures were approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical University and carried out in compliance with the guidelines for Care and Use of Laboratory Animals in China. Thirty male Sprague-Dawley rats (300–380 g) obtained from Nanjing Medical University were housed in a temperature-, light/dark-controlled animal care facility with unlimited access to chow and water. All rats were assigned to control and SAE groups at random (n = 15 per group). The rats in the SAE group were given a single dose of 5 mg/kg lipopolysaccharide (LPS) intraperitoneally. Controls were administered intraperitoneally with an equal volume of normal saline. To avoid circadian variations, all the injections were performed between 9:00 a.m. and 10:00 a.m.



Behavioral Studies

The open field test (OFT) and forced swimming test (FST) were conducted to evaluate cognitive function and affective behaviors in the rats after 48 h of modeling. Rats were randomly divided into the SAE group and the control group to counterbalance potential order effects. Each rat was evaluated independently, with no other rats’ performance in the next tasks being seen. There was an interval of 1 day between tests to reduce the possible impact of prior testing.


Open Field Test

A dark gray plastic box (60 × 60 × 40 cm3) was utilized as the apparatus. Each test lasted 5 min and each rat was positioned in the reaction chamber’s central area. Ethovision software (version 11.5) was used to track and quantify the total distance traveled and center time. The exploration time of rats in the center zone which is 25 × 25 cm square, was calculated as the center time. The device will be cleaned before the next test.



Forced Swimming Test

We used an 80-cm-high transparent glass circular cylinder with a 40-cm inner circumference. The water in the cylinder was kept at a height of 30 cm and a temperature in the range of 23–25°C. It was difficult to modify the effects of the forced swim through behavioral adaptation since they couldn’t simply stand at the bottom of the container at a depth of 30 cm. Each test lasted 6 min after the rats were individually placed. In the remaining 4 min, the rat’s immobility time was analyzed and documented by the monitoring system. The water will be replaced before the next test.




Magnetic Resonance Imaging Acquisition

All MR images were acquired with a 7.0 T MRI scanner (Bruker-Biospin, Ettlingen, Germany) with a four-channel phase array rat head coil after 24 h of modeling. 5% isoflurane in oxygen and air was used to produce anesthesia, and dexmedetomidine (0.015 mg/kg) was injected subcutaneously. The rats were then placed in a prone posture on a small animal MRI scan bed and their heads were fixed with dental hooks and ear bars to reduce head movements. We employed an anesthetic regimen that included a subcutaneous delivery of dexmedetomidine (0.03 mg/kg) followed by inhalational isoflurane for anesthesia maintenance. Throughout the scanning period, the degree of anesthesia was maintained by modulating the isoflurane concentration (0.2–0.5%) to preserve the respiration rate of 80–100 breaths per minute and oxygen saturation of 95–100%. Magnetic resonance scanning was started after the respiration, heart rate and saturation of rats were observed to be stable. Functional images were obtained using a single-shot gradient-echo EPI sequence (TR = 2,000 ms, TE = 19 ms, FOV = 3.2 × 3.2 cm2, matrix size = 64 × 64, slice thickness = 1.0 mm, slice gap = 0, voxel size = 0.5 × 0.5 × 1 mm3, repetition = 180).



Image Processing and Data Analysis

Raw rat EPI datasets were firstly converted to 32-bit NIFTI format using Bruker2Analyze Converter and MRIcron.1 The voxel size of rat images was scaled by ten times (5 mm × 5 mm × 10 mm) to facilitate processing. Preprocessing of the rs-fMRI data were performed using Statistical Parametric Mapping (SPM 12). The first 10 volumes of functional data were eliminated for signal equilibrium. The remaining volumes were adjusted for slice timing correction, head movement correction, and spatial normalization to a standard rat brain template (resampled to 3 mm × 3 mm × 3 mm) and smoothed with kernel of full width at half maximum (FWHM) of 4 mm. The normalization method was the same as our previous study (Lu et al., 2021). Exclusion criteria were defined at 0.1 mm and 1 degree in maximum head movement. Further analysis includes band-pass filtering, seed region selection, and calculation of FC maps. The time courses of all voxels were subjected to band-pass filtering (0.01–0.1 Hz). Based on a standard rat brain atlas of Paxinos (Valdes-Hernandez et al., 2011), seed ROIs were chosen in the bilateral hippocampus, left hippocampus, and right hippocampus, respectively. Pearson’s correlation coefficients were determined between the mean time course of every seed region and other brain voxels. A Fisher’s r to z transformation was used to convert whole-brain FC maps into normally distributed data.

One sample t-tests of zFC (fisher’s z transformed) images in the FC analysis were performed to show brain areas significantly connected to seed ROIs. Then two-sample t-tests of zFC images were performed between the SAE group and control group within the masks generated by the union of statistically significant areas in the one-sample t-tests of the two groups. A Gaussian Random Field correction method with a voxel defining threshold P = 0.001, corresponding to a cluster level of P = 0.05 (two tails) was used for the multi-comparison correction. Data analysis was performed using SPSS for Windows software (version 26.0). Results are presented as mean ± SD. The Kolmogorov-Smirnov test was applied to ensure normal distribution of all data. Data were analyzed with two-sample t-tests. Pearson’s correlations were employed to assess the relationship between the FC values and behavioral performance. Statistical significance was defined as a P-value of less than 0.05. FDR (q = 0.05) was used to rectify multiple comparisons in correlation analysis.




RESULTS


Behavioral Test Results

In the open field test, rats with SAE had a shorter total distance (P < 0.01, Figure 1A) and longer center time (P < 0.05, Figure 1B) compared with the control group. The immobility time of the SAE group was significantly prolonged in the forced swimming test (P < 0.001, Figure 1C).
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FIGURE 1. (A–C) Rats with SAE showed a decreased total distance and increased center time in the open field test while they displayed prolonged immobility time in the forced swimming test. *P < 0.05, ** P < 0.01, ***P < 0.001.




Results of Seed-Based FC Analysis

One sample t-tests images showed brain regions significantly connected to the hippocampus (Figure 2). The pattern of the FC map connected to the hippocampus resembles the pattern of the DMN demonstrated in our previous and other researchers’ studies (Lu et al., 2012, 2021). This result verified that the hippocampus is one of the nodes in the DMN. Compared to the control group, the SAE group has higher FC between the bilateral hippocampus and thalamus, septum, bed nuclei stria terminalis (BNST), left primary forelimb somatosensory cortex (S1FL), primary motor cortex (M1), and inferior colliculus (Figure 3). FC analysis selecting the left hippocampus as the seed point showed significantly increased FC in thalamus, septum, BNST, left S1FL, and inferior colliculus in the SAE group (Figure 4). With the right hippocampus as the seed brain region, we found that the FC between the thalamus, septum, left S1FL and inferior colliculus was enhanced in the SAE group (Figure 5). Table 1 showed coordinates (anterior commissure serve as origin) of peak significance from higher FC selecting the hippocampus as the seed between the SAE and control groups.
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FIGURE 2. Illustration of one-sample t-tests results of the hippocampus functional connectivity (FC) maps in the SAE and control groups, the seed is the bilateral hippocampus.
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FIGURE 3. Two sample t-test functional connectivity (FC) analysis selecting the bilateral hippocampus as seed between the SAE and control groups. Compared to the control group, FC was higher between the bilateral hippocampus and thalamus, septum, bed nuclei stria terminalis (BNST), left primary forelimb somatosensory cortex (S1FL), primary motor cortex (M1), and inferior colliculus in the SAE group.
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FIGURE 4. Two sample t-test functional connectivity (FC) analysis selecting the left hippocampus as seed between the SAE and control groups. Within the SAE group, FC analysis selecting the left hippocampus as the seed point showed significantly increased FC in thalamus, septum, bed nuclei stria terminalis (BNST), left primary forelimb somatosensory cortex (S1FL) and inferior colliculus.
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FIGURE 5. Two sample t-test functional connectivity (FC) analysis selecting the right hippocampus as seed between the SAE and control groups. With the right hippocampus as the seed brain region, the SAE group displayed enhanced FC between the right hippocampus and thalamus, septum, left primary forelimb somatosensory cortex (S1FL), and inferior colliculus.



TABLE 1. FC analysis selecting the hippocampus as the seed.
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Correlation Analysis

The mean zFC values within clusters that revealed a substantial difference between the two groups were extracted. The mean zFC values between the hippocampus and thalamus is positively correlated with the immobility time in the forced swimming test (Figures 6A–D).
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FIGURE 6. Relationship between the immobility time and functional connectivity (FC) in the SAE group. A positive correlation between the immobility time and zFC values between the bilateral hippocampus and right thalamus was found (A). There was a positive correlation between the immobility time and zFC values between the left hippocampus and thalamus (B,C). Increased connectivity between the right hippocampus and right thalamus associated with the immobility time in the forced swimming test (D). BIL, bilateral; L, left; R, right; FC, functional connectivity.





DISCUSSION

To the best of our knowledge, this is the first study to reveal the altered FC of the hippocampus in rats with SAE. Specifically, the hippocampus-related brain regions with significant differences in FC are thalamus, septum, BNST, S1FL, M1, and inferior colliculus. Moreover, mental disorders reflected by the behavioral test positively correlated with the FC of the hippocampus-thalamus.

In our study, rats with SAE exhibited some cognitive deterioration and emotional disorders such as depression and anxiety, which agreed with the findings of many clinical trials. Neuroimaging studies of the hippocampus in individuals with either depression or anxiety disturbances reveal that hippocampal structural and functional plasticity exists abnormalities. In addition, defects in hippocampal neurogenesis have been proposed to cause cognitive impairment and depression- and anxiety-like behaviors (Kim et al., 2015; Fang et al., 2020). It might explain the common incidence of cognitive dysfunction in affective disorders, as well as the depression and anxiety seen in patients with or at risk for cognitive decline. The detailed underlying mechanism remains to be further elucidated.

We discovered that the thalamus showed increased connectivity to the hippocampus in the model of SAE. As a critical structure in cognitive and mood networks, the thalamus absorbs and integrates information from the basal ganglia, limbic system, and cerebellum before relaying it to the hippocampus and the neocortex (Wolff and Vann, 2019). Injury to the thalamus which sends and receives bi-directional fibers to and from the hippocampus subiculum can induce the related networks to malfunction. The connectivity between the hippocampus and thalamus has been regarded as an important pathway for cognition (Aggleton et al., 2010). Mousavi et al. (2017) found the abnormal FC of the hippocampus-thalamus could have relevance for study into the processes driving cognitive problems in patients with absence epilepsy. Baumgartner et al. (2018) detected that cognitive deficits imposed by stroke were closely related to disruption of hippocampal-thalamic connectivity. Furthermore, a fMRI study of a highly anxious population indicated aberrant connectivity of the left hippocampus and thalamus (Yang et al., 2019). Research has demonstrated that the connectivity between the hippocampus and thalamus affects depression to a large degree (Im et al., 2021). In our study, the thalamus was shown to have enhanced connectivity with the hippocampus, and the enhanced FC values between the two regions were negatively correlated with behavioral performance in rats with SAE. Our results were consistent with previous studies showing that the destroyed connectivity of the thalamo-hippocampus may be associated with cognitive deficits and mood disorders (Yang et al., 2019). These findings were interpreted as implying the existence of neural self-compensation or cerebral reserve (Li et al., 2020). Increased FC between the hippocampus and thalamus may also result from elevated external somatosensory stimuli to the central nervous system, especially to the hippocampus or thalamic nuclei from the systemic inflammatory response in SAE rats.

Our data also showed the increased FC between the hippocampus and septum in rats with SAE. The hippocampus and the septum are at the heart of the limbic system, managing motivated behavior and regulating numerous cognitive tasks. Complex reciprocal connectivity in anatomy and function has been demonstrated between the hippocampus and septum (Okada and Okaichi, 2010). These connections form the hippocampo-septal and septo-hippocampal pathways which are linked to cognitive functions (Niewiadomska et al., 2009). In line with several study findings, the oscillations in the septo-hippocampal network are influenced by depression and engaged in its symptoms (Hajos et al., 2003; Kang et al., 2010). Anxiety-related activities are thought to be bound up with theta oscillations in the septo-hippocampal circuits (Caliskan and Stork, 2019). One possible explanation is that in our study, the enhanced FC of these regions in SAE rats is a compensatory mechanism as cognition or emotion becomes impaired. The increased resting-state hippocampal connectivity to the septum may be interpreted to mobilize additional neural resources to maintain cognitive or affective status in SAE patients.

The BNST, which is a complex cluster of neuronal nuclei situated in the basal forebrain, has been implicated in the negative affective state or psychiatric disease (Lebow and Chen, 2016). With strong connectivity to the hippocampus, the BNST is localized more specifically to the anterior CA region that is involved in anxiety reactions and motivation processing (Torrisi et al., 2015). We observed both the bilateral hippocampus and left hippocampus showed increased FC with the BNST, suggesting that it might be the potential mechanism of depression- and anxiety-like behaviors due to SAE.

Located in the postcentral gyrus, the primary somatosensory cortex (S1) is closely linked to the thalamus both structurally and functionally (Zhang et al., 2010). The S1 is regarded as a sensory signal structure for acquisition and transformation; nonetheless, its role in controlling and regulating associative learning behavior has also become increasingly evident (Galvez et al., 2006; Chau et al., 2013). (Kang et al. (2018) found that increased S1-thalamic FC in individuals with major depressive disorder was linked to cognitive function and affective experience. As shown in previous research, reduced synchronization between the hippocampus and S1, in particular, correlates with cognitive and memory impairment in aged rats (Xie et al., 2013; Ash et al., 2016). Our results add to the growing body of evidence indicating the hyper-connectivity between the two is crucial. This discovery might lead to more information that disrupted functional networks between the hippocampus and S1 underlie the defective cognitive and emotional ability of SAE patients. Since the M1 is located adjacent to the S1FL region in the rat brain, our result may be falsely positive due to technical issues such as inadequate registration or normalization. Nevertheless, the increased connectivity between the bilateral hippocampus and M1 may be interpreted as the compensatory effects after the motor or cognitive-affective function was impaired, or the connectivity changed after the activity in M1 was affected by SAE, and the specific mechanism required further study.

In addition to the findings presented above, we detected the increased connectivity between the hippocampus and inferior colliculus in the SAE group. The inferior colliculus serves as a pivotal relay station for auditory pathway (De Martino et al., 2013). Schwenzer et al. (2012) revealed that auditory impairment could be a sign of depression. Studies on elderly individuals with sensory deficits found that the damaged auditory function was linked to an increased incidence of depressed and anxious symptoms (Simning et al., 2019). Our work demonstrated alterations in FC between the hippocampus and inferior colliculus, which might be related to the disordered emotions or auditory cognitive defects seen in rats with SAE.

Our research has several limitations. First, although the spontaneous activity of rats decreases when they are depressed, it is undeniable that the increased immobility time of the SAE rats might be associated with a decrease in motor function. Second, we employed a seed-based analysis, which has an underlying methodological constraint caused by a priori hypothesis about the seed region for the extraction of BOLD time-courses to assess the temporal correlation with the time series of other voxels in the brain. The hippocampus could be more finely divided into different subregions according to diverse functions, however, we did not subdivide it more accurately when choosing ROIs. Lastly, our study prevented us from investigating causal relationships or the role of change in hippocampus-related brain function on the evolution of cognitive or emotional deterioration in rats with SAE. Other unmeasured variables could be responsible for the correlation between them, thus more research is needed.

In summary, the current study provides evidence that the increased activity in the hippocampus functional network likely contributes to cognitive and emotional deficits in the SAE rat model. The hippocampus-related brain function may be an effective imaging target for cognitive disturbances and affective experience in SAE. The specific altered region could provide a valuable reference for further understanding the etiology of SAE.
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Objectives: This study aimed to compare readout-segmented-3, readout-segmented-5, and readout-segmented-7 echo-planar imaging (RS3-EPI, RS5-EPI, and RS7-EPI) of DTI in the assessment of rat sciatic nerve at 3T MR.

Methods: Eight male adult healthy Sprague-Dawley rats were scanned at 3T MR with RS-3 EPI, RS5-EPI, and RS-7 EPI DTI. The image quality of RS-3 EPI, RS-5 EPI, and RS-7 EPI in terms of the nerve morphology, distortions of the nearby femur, muscles, and homogeneity of neuromuscular were evaluated by two experienced radiologists. The correlations between the histopathological and DTI parameters, including fractional anisotropy (FA) and radial diffusivity (RD), were calculated, respectively, and compared in RS-3, RS-5, and RS-7 EPI. The image quality scores for RS-3 EPI, RS-5 EPI, and RS-7 EPI were compared using the Wilcoxon rank-sum test. The correlation between DTI and histopathological parameters was calculated using the Pearson correlation coefficient.

Results: RS-5 EPI yielded the best SNR-values corrected for the acquisition time compared to RS3-EPI and RS7-EPI. The image quality scores of RS-5 EPI were superior to those of RS-3 and RS-7 EPI (P = 0.01–0.014) and lower artifacts of the ventral/dorsal margin and femur (P = 0.008–0.016) were shown. DTT analysis yielded a significantly higher number of tracts for RS5-EPI compared to RS3-EPI (P = 0.007) but no significant difference with RS7-EPI (P = 0.071). For the three sequences, FA and RD were well-correlated with the myelin-related histopathological parameters (|r| 0.709–0.965, P = 0.001–0.049). The overall correlation coefficients of FA and RD obtained from RS-5 EPI were numerically higher than that with both RS3-EPI and RS7-EPI.

Conclusion: For the rat sciatic nerve DTI imaging, RS-5 EPI offered the best image quality and SNR-values corrected for the acquisition time. The FA and RD derived from the RS-5 EPI were the most sensitive quantitative biomarkers to detect rat sciatic nerve histopathological change.

Keywords: magnetic resonance imaging, diffusion tensor imaging, peripheral nerve, readout-segmented echo-planar imaging, sciatic nerve


INTRODUCTION

Diffusion tensor imaging (DTI) has been widely recognized for its value in the central nervous system, such as fiber tracking, assessing fiber continuity, evaluating white matter fiber tract injury, and degeneration of cranial nerve fibers (Mori and Zhang, 2006). DTI technique was subsequently routinely used to determine the integrity of the peripheral nerves, especially in experimental animal studies of nerve injury. Many preclinical and animal studies have proven that DTI is one of the most valuable functional sequences in evaluating peripheral nerve injury repair and function (Guggenberger et al., 2012; Jeon et al., 2018; Zheng et al., 2021). Parameters such as FA and RD derived from DTI are strongly correlated with myelin-related pathological parameters and are considered to be the sensitive biomarkers for detecting early peripheral nerve dysfunction, degeneration, and regeneration (Chen et al., 2017; Farinas et al., 2020; Zheng et al., 2021).

Generally, DTI is performed by using single-shot echo-planar imaging (SS-EPI) sequence for its faster speed. However, this technique is vulnerable to geometric distortion around tissue interface and signal-intensity dropout, primarily because of slow traversal through k-space along the phase-encoding direction (Porter and Heidemann, 2009). Recently, DWI based on readout-segmented echo-planar imaging (RS-EPI), in which the k-space is divided into several segments along the readout direction, has been suggested as an alternative approach to overcome the limitations of the SS-EPI technique (Porter and Heidemann, 2009). Most of the current clinical studies show that RS-EPI has the better image quality and lesion detection, thereby improving the diagnostic performance of DTI (Kida et al., 2016), including in skull base and orbit (Yeom et al., 2013; Chen et al., 2020), breast (Bogner et al., 2012), kidney (Friedli et al., 2017), pelves (Thian et al., 2014), and sacroiliac joint (Zhang et al., 2021). To our knowledge, the application of RS-EPI DWI has not been previously described for the sciatic nerve, especially rat sciatic nerve, which was very small in size and had a relatively high signal in fat set T2WI, presenting challenges in DTI.

Single-shot echo-planar imaging is prone to susceptibility artifacts that manifest as geometric distortion, image blurring, and ghosting artifacts (Drake-Pérez et al., 2018). With the increased numbers of readout segments, although RS-EPI has a more remarkable ability to reduce artifacts and a higher signal-to-noise ratio (SNR), but becomes more vulnerable to motion artifacts and more time-consuming. This pattern is demonstrated in our preliminary study. We found that the image quality of the rat sciatic nerve from DTI with a higher segmented number (e.g., the RS7-EPI) was not better than DTI with a lower segmented number (e.g., the RS3-EPI) and sacrificed more time. In addition, the small and sharp contrast tissue with longer T2 relaxation time, such as nerve tissue, is prone to produce motion-induced deterioration effects (Zaitsev et al., 2015). What’s more, deep and prolonged anesthesia significantly increases the risk of animal death during in vivo MRI studies. This further suggests that the image quality does not simply increase with the increasing segmented number but requires a trade-off between the SNR, nerve artifact, and acquisition time. Therefore, the number of readout segments needs to be carefully considered in vivo DTI study of rat sciatic nerve. The comparison of the different performance of different readout-segment numbers in RS-EPI DWI has not been previously described for the rat sciatic nerve.

Diffusion tensor imaging parameters such as FA and RD values were considered the sensitive and invasive biomarkers in the monitoring of nerve repair (Chen et al., 2017). However, severe image artifacts and distortion of the nerve can directly affect the region of interest (ROI) drawing and the accuracy of the measured values (Atkinson et al., 2000). In our study, in addition to the evaluation of nerve image quality, we analyzed the correlation between the DTI and pathological parameters related to nerve repair.

Thus, the purposes of the study were, first, to compare the image quality of RS-3 EPI, RS-5 EPI, and RS-7 EPI of DTI of the rat sciatic nerve, and, second, to evaluate the FA and RD values derived from which readout-segment number could provide more accurate pathological information in in vivo peripheral nerve monitoring by DTI.



MATERIALS AND METHODS


Subjects

All interventions and animal care procedures were performed by the Guidelines and Policies for Animal Surgery and were approved by the Institutional Animal Use and Care Committee. All animals were obtained from the Animal Experiment Center of Guangdong province. The animals were housed in a standard animal facility with 12-h on/off light conditions and free access to standard food and water. A total of eight male adult healthy Sprague-Dawley rats weighing 250 ± 20 g were used in this study.



Magnetic Resonance Imaging

All eight healthy adult male Sprague-Dawley rats were anesthetized to deep sleep (7% chloralhydrate, 5 ml/kg, intraperitoneal injection, the rats can deep sleep at least 90 min) and scanned at a 3T scanner (MAGNETOM Prisma, Siemens Healthcare, Erlangen, Germany). After anesthesia, each rat was placed prone in a rat coil (6-cm diameter, eight-channel, Suzhou Medcoil Healthcare Co., Ltd., Suzhou Industrial Park, Suzhou, China) with the limbs fixed with medical adhesive tape to prevent movement further. Both hind limbs were positioned symmetrically.

In our pre-experiments, the acquisition times for readout segment numbers 3, 5, 7, and 9 were 6:12, 10:12, 14:12, and 18:12 min, respectively. To control the overall scan time and reduce the anesthesia risk to a minimum, 18:12 min of readout segment 9 is beyond our tolerance time. Thus, readout segment numbers 3, 5, and 7 were chosen in our study.

Three axial DTI sequences (RS-3 EPI, RS-5 EPI, and RS-7 EPI) were performed perpendicular to the sciatic nerve with comparable imaging parameters. For the three DTI sequences of RS-3 EPI, RS-5 EPI, and RS-7 EPI: the number of readout segments = 3, 5, and 7, respectively. TE = 75, 63, and 58 ms, respectively; Echo spacing = 0.94, 0.66, and 0.32 ms, respectively. Unified parameters include the following: TR = 4000 ms; slice thickness/gap = 1.5 mm/0 mm; b value = 0, 800 s/mm2; diffusion directions = 20; EPI factor = 48; FOV = 70 × 70 mm2; Matrix = 100 × 100; No. of sections = 20. A coronal fat-suppressed T2-weighted image was obtained to display the morphology of bilateral sciatic nerves and ensure the correct ROI position for DTI parameters measurement in the sciatic nerve (Figure 1).
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FIGURE 1. FS T2WI COR and MIP 3D images of sciatic nerves. (A,B) T2WI coronal view displayed the morphology of bilateral sciatic nerves. They split above the knee joint into tibial and peroneal nerves. R, right hind limb; L, left hind limb. Scale: 5 mm.




Signal-to-Noise Ratio Measurements

The signal-to-noise ratio (SNR) was defined as the ratio between the mean signal intensity of the sciatic nerve (SINerve) and the standard deviation of the background noise (SDBackground) (Figure 2). Using the following equations (Bogner et al., 2012), images and corresponding noise data were post-processed individually (via MATLAB MRIqual version 1.2.3), yielding voxel-based SNR maps (Figures 2A–F). Using the following formulas, SNR was calculated from DW images (b = 800 s/mm2). ROIs covering each sciatic nerve were manually drawn on the adjacent three slices of the sciatic nerve trunk. The three measurements were averaged, and corresponding SNR values were extracted. The ROI of the background noise was placed in the same phase encoding direction with the sciatic nerve and close to the edge of the image. The size of ROI is uniformly 1 cm2.
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FIGURE 2. SNR maps (A–F), SNR value (G), and SNR (TA) value (H) for RS3-EPI, RS5-EPI, and RS7-EPI. The measured SNR value increases with increasing segmented (G) for the three EPI sequences. Regarding SNR-values corrected for the acquisition time, RS5-EPI yielded significantly higher SNR than RS3-EPI and RS7-EPI (H). SNR, signal-to-noise ratio; SNR(TA), SNR Correction due to sequence-specific differences in acquisition time (H). **P ≤ 0.017, post hoc analysis with Bonferroni corrected.




Signal-to-Noise Ratio Correction Due to Sequence-Specific Differences in Acquisition Time

To determine the SNR efficiency of a particular acquisition scheme, the measured SNR was divided by the square root of the respective acquisition time (S):

[image: image]

where TA is the total acquisition duration (Manoliu et al., 2017).



Qualitative Image Evaluation

Two independent readers performed image analysis (Reader 1, a radiologist with 10 years of experience in DTI of the nerve; Reader 2, with 4 years of experience in DTI of the nerve). Both readers were blinded to the histopathologic results. The three DTI sequence data were transferred to the workstation (Syngo Via 2, Siemens) for image quality evaluation and DTI parameters measurement. DTI images, including b = 0, 800 s/mm2, FA, and RD maps were generated simultaneously in Neuro 3D modules. The image quality was assessed qualitatively on DWI b = 800 images based on the following factors: sharpness of nerve margin, artifacts of nerve, artifacts of the femur, artifacts of ventral margin, artifacts of dorsal margin, homogeneity of neuromuscular (Figure 3). All images were scored using a 5-point system: 5 means that the images are artifact-free images without distortion and artifact and with great anatomic details of the bilateral sciatic nerve, muscle, and femur; and 1 means impossible to differentiate the anatomic details because of image quality that has been severely distorted by artifacts or low SNR.
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FIGURE 3. DTI images and DTT of sciatic nerves for RS3-EPI, RS5-EPI, and RS7-EPI. The RS5-EPI images displayed clearer nerve boundaries and minimum nerve distortion, while RS7-EPI showed severe nerve distortion and blurred nerve boundaries (A–F). The FA maps (G–L) and RD maps (M–O) showed blurred boundaries of RS3-EPI due to poor SNR (G,J,M) and of RS5-EPI due to severe nerve distortion (I,L,O). The ventral and dorsal margin artifacts and background noise for RS3-EPI were more pronounced (D,G,J). DTT: RS5-EPI DTI can generate more fibers than RS3-EPI and RS7-EPI and display nerve fibers with a more condensed bundle and realistic architecture (P–R). Conversely, fibers generated by RS3-EPI and RS7-EPI DTI were sparse and discrete, some of which were deviated and in random order. R: right hind limb; L: left hind limb. Scale: 2 mm.




Quantitative Analysis of Diffusion Tensor Imaging Parameters and Diffusion Tensor Tractography

Quantitative analysis of the acquired diffusion data was performed using the syngo.via Neuro 3D tool (version 2, Siemens Healthcare). The diffusion tensor parameters (FA and RD) were measured and calculated. ROIs of approximately 3 mm2 were manually drawn on the adjacent three slices of the sciatic nerve. The three measurements were averaged for data analysis. Special attention was paid to position the ROIs to minimize the partial volume effect. Transverse DTI images were linked with coronal T2-weighted images to ensure the correct and consistent position of ROIs in the sciatic nerve. Tractography was obtained on the same workstation via. A multiple ROI method was used to reconstruct diffusion tensor tractography (DTT). The threshold of FA was set to be 0.15, the maximum fiber angle was 35°, and the minimum fiber length was 15 mm (Chen et al., 2017). The DTT numbers generated by different segmented EPI were calculated and recorded.



Histopathologic Assessment

Animals were executed after MR imaging by transcardial perfusion with PBS followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4). The middle stumps of the sciatic nerves were harvested and post-fixed in 4% glutaraldehyde. Transverse semi-thin sections (1 μm thickness) were prepared and stained with toluidine blue to detect nerve myelin. For quantifying toluidine blue staining, sections of the middle stumps were analyzed morphometrically. In brief, an objective magnification of ×1000 was used to take digital images of the entire cross-sectional area of the nerve (60 × 40 μm, 13.7 pixels/μm) on a microscope (Olympus BX60, Japan) for detailed histological quantification. Of these images, five randomly selected measured images (per image area, 240 μm2; total area, 1200 μm2 of different regions per nerve segment and animal) were analyzed, as previously described. ImageJ software1 was used to perform analysis to determine the percentage of axon area (POAA), percentage of myelin area (POMA), thickness of myelin (TOM), and diameter of myelinated fibers (DOMF). The final value used for statistical analysis represents the mean of five measuring images per nerve segment and animal.



Statistical Analysis

Inter-reader agreement was assessed by using a linear-weighted inter-rater agreement (Kappa) test for the image quality scores at several aspects (sharpness of nerve margin, artifacts of nerve, artifacts of femur, artifacts of ventral muscles, artifacts of dorsal muscles, homogeneity of neuromuscular). The values of Kappa over 0.75, from 0.4 to 0.75, and below 0.4 were regarded as excellent, fair to good, and poor, respectively. Normal distribution of FA, RD, DTT fiber number, SNR, and SNR(TA) was evaluated using the Shapiro–Wilk’s test. To assess potential between-group effects, ANOVA was performed for interval-scaled variables [FA, RD, DTT fiber number, SNR, and SNR(TA)], and Friedman tests were performed for ordinal scaled variables (sharpness of nerve margin, artifacts of nerve, artifacts of femur, artifacts of ventral muscles, artifacts of dorsal muscles, homogeneity of neuromuscular). To evaluate potential differences between RS3-EPI and RS5-EPI, RS3-EPI and RS7-EPI, and RS5-EPI and RS7-EPI, post hoc two-sample t-tests were performed for interval-scaled variables, and post hoc Wilcoxon signed-rank tests were performed for ordinal scaled variables. All statistical tests were Bonferroni corrected for post hoc analysis. The degree of association between DTI and histopathological parameters was calculated using the Pearson correlation coefficient. A two-sided P-value of 0.05 or less indicated a significant result, and the significance level was P ≤ 0.017 for post hoc analysis. Statistical analysis was performed by using SPSS (version 23, IBM SPSS, Chicago, IL, United States) and MedCalc (version 19.1.2, MedCalc Software bv, Ostend, Belgium), and plots were created by using GraphPad Prism (version 7) and RStudio (version 1.4.1717).




RESULTS


Morphology of Rat Sciatic Nerve

The bilateral sciatic nerve was best displayed on the coronal view of T2WI STIR (Figure 1). They split above the knee joint into tibial and peroneal nerves, and two to three sub-branches can be shown downward. In our study, the thickness of the average rat sciatic nerve trunk ranged from 1 to 2 mm.



Signal-to-Noise Ratio Analysis

Figure 2 and Table 1 show the SNR and SNR(TA) values for RS3-EPI, RS5-EPI, and RS7-EPI. For the three EPI sequences, Measured SNR increases with increasing segmented. To account for sequence-specific differences in scan duration, correction factors were calculated for the acquisition time. Regarding SNR-values corrected for the acquisition time, RS5-EPI yielded significantly higher SNR than RS3-EPI and RS7-EPI.


TABLE 1. SNR and quantitative DTI analysis.
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Qualitative Image Evaluation

The image quality scores of the three DTI images for the sharpness of nerve margin, artifacts of nerve, artifacts of the femur, artifacts of ventral muscles, artifacts of dorsal muscles, and homogeneity of neuromuscular are shown in Table 2 and Figures 3, 4. The interobserver agreement between the two independent radiologists was excellent (Kappa = 0.753–0.971). Figure 4 shows the image quality scores rated by reader 1 (the more senior radiologist). For reader 1, the Friedman test revealed a significant between-group effect for the image quality scores (all P = 0.001). Furthermore, for the sharpness of nerve margin and artifacts of the nerve, the post hoc analysis revealed significantly higher image quality scores for RS5-EPI compared to RS3-EPI (P = 0.011–0.014) and RS7-EPI (P = 0.01–0.011), and significant higher image quality scores for RS3-EPI compared to RS7-EPI (both P = 0.016). For artifacts of the ventral muscles, the post hoc analysis yielded significantly higher image quality scores for RS5-EPI compared to RS3-EPI (P = 0.011) and RS7-EPI (P = 0.008) and significant higher image quality scores for RS7-EPI compared to RS3-EPI (P = 0.016). For artifacts of the femur, artifacts of dorsal muscles, and homogeneity of the neuromuscular, post hoc analysis revealed significantly lower image quality scores for RS3-EPI compared to RS5-EPI (P = 0.009–0.01) and RS7-EPI (P = 0.008–0.01), and no significant differences were found between RS5-EPI and RS7-EPI (all P > 0.017).


TABLE 2. Qualitative image evaluation.
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FIGURE 4. Image quality scores for RS-3 EPI, RS-5 EPI, and RS-7 EPI. The chart showed the image quality scores rated by reader 1 (the more senior radiologist). The image quality scores of RS-5 EPI were superior to those of RS-3 and RS-7 EPI for better display of the nerve and lower artifacts of the ventral/dorsal margin and femur. **P ≤ 0.017, post hoc analysis with Bonferroni corrected.




Quantitative Analysis of Diffusion Tensor Imaging Parameters and Diffusion Tensor Tractography

Figure 5 show the FA, RD, and DTT fiber number for RS3-EPI, RS5-EPI, and RS7-EPI. ANOVA yielded a significant group effect for FA (P < 0.001), RD (P < 0.001), and DTT fiber number (P = 0.023). The post hoc analysis yielded significantly higher FA for RS5-EPI compared to RS7-EPI (P = 0.001) and lower RD for RS5-EPI compared to both RS3-EPI (P = 0.001) and RS7-EPI (P < 0.001), and higher FA for RS3-EPI compared to RS7-EPI (P = 0.001). In addition, DTT analysis yielded a significantly higher number of tracts for RS5-EPI than RS3-EPI (P = 0.007) but no significant difference with RS7-EPI (P = 0.071).
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FIGURE 5. Box plot comparing FA, RD, and DTT fiber numbers for RS3-EPI, RS5-EPI, and RS7-EPI. RS5-EPI yielded higher FA and lower RD than RS3-EPI and RS7-EPI (A,B). The DTT fiber number generated by RS5-EPI was significantly higher than RS3-EPI (C). **P ≤ 0.017, post hoc analysis with Bonferroni corrected.




Correlation Between Diffusion Tensor Imaging Parameters and Histopathological Parameters

Table 3 and Figure 6 show the correlation coefficients between DTI parameters (FA, RD) and histopathological parameters (POAA, POMA, TOM, DOMF) for RS3-EPI, RS5-EPI, and RS7-EPI. For the three sequences, FA was correlated with almost all of the histopathological parameters (r = 0.751 to 0.851 for RS3-EPI, r = 0.886 to 0.953 for RS5-EPI, and r = 0.741 to 0.897 for RS7-EPI, P ≤ 0.001–0.036), except the DOMF for both RS3-EPI (r = 0.664, P = 0.073) and RS7-EPI (r = 0.623, P = 0.099), and RD was correlated with almost all of the histopathological parameters (r = −0.764 to −0.816 for RS3-EPI, r = −0.876 to −0.964 for RS5-EPI, and r = −0.709 to −0.812 for RS7-EPI, P ≤ 0.001−0.049), except the POAA for RS7-EPI (r = −0.691, P = 0.058). The overall correlation coefficients of FA and RD obtained with RS5-EPI were numerically higher than that with both RS3-EPI and RS7-EPI. The overall correlation coefficients of FA and RD obtained with RS3-EPI were numerically higher than that with RS7-EPI, except for the correlation coefficients between FA and POAA and between RD and POMA.


TABLE 3. Correlation coefficients between DTI parameters and histopathological parameters.
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FIGURE 6. Heatmap of correlation between DTI and histopathological parameters in RS3-EPI, RS5-EPI, and RS7-EPI. (A) Correlation coefficients between DTI parameters and histopathological parameters. (B) Toluidine blue myelin staining of the sciatic nerves (×1000). Scale: 20 μm. (C) Toluidine blue myelin staining was analyzed by ImageJ software to determine the quantitative pathological parameters, including POAA, percentage of axon area; POMA, percentage of myelin area; TOM, the thickness of myelin; DOMF, diameter of myelinated fibers.





DISCUSSION

To evaluate the feasibility of segment-number 3, 5, and 7 of RS-EPI for DWI/DTI of rat sciatic nerve, we assessed qualitative data using image quality scoring in several detailed aspects on axial DWI images, and quantitative data using SNR, SNR(TA), number of tracts, FA, and RD value together with their correlation with pathologic parameters for each sciatic nerve in eight healthy rats. We found that referring to the rat sciatic nerve, RS5-EPI yielded optimal image quality, SNR(TA), pathology-correlated FA and RD value, and the richest number of fiber tracts compared to the RS7-EPI as well as RS3-EPI. Therefore, the current results demonstrate that DWI/DTI imaging of the rat sciatic nerve, RS5-EPI, is feasible, and the DTI parameters derived from RS5-EPI showed a stronger linear correlation with histopathological parameters.

In our study, the SNR tended to increase with an increased segment number. The SNR for RS5-EPI and RS7-EPI were significantly higher than SNR for RS3-EPI. This difference may be because RS-EPI samples subsets of k-space points in the readout direction in each shot, thereby permitting a substantial reduction in echo spacing, TE, and T2* signal blurring. Multishot approaches typically can accommodate higher spatial resolution and possess higher SNR (Porter and Heidemann, 2009). As the increases of segment number, the acquisition time increases significantly (Atkinson et al., 2000). In our study, although RS7-EPI yielded the highest SNR originally, regarding SNR-values corrected for the acquisition time, RS5-EPI yielded higher SNR(TA) than both RS3-EPI and RS7-EPI. This shows that the SNRs of RS5-EPI and RS7-EPI are very close, but RS5-EPI requires a lower time cost and has a better application value.

In our study, the RS5-EPI sequence showed better image quality of the rat sciatic nerve compared with both RS3-EPI and RS7-EPI, displaying clearer margin and fewer artifacts of the rat sciatic nerve. RS5-EPI performed better than RS3-EPI because RS-EPI samples subsets of k-space points in the readout direction in each shot, and the resulting shorter echo spacing reduces susceptibility artifacts, geometric distortion, and T2* blurring by accelerating the k-space traversal along the direction of the readout. At the same time, the SNR has been improved. RS-EPI incorporated a 2D navigator-based reacquisition technique, which corrects motion-induced phase errors (Zaitsev et al., 2015). Unexpectedly, although RS7-EPI had the most subsets, the longest acquisition time, and the highest SNR, it yielded the lowest image quality scores of the rat sciatic nerve of the three RS-EPI. The most important reasons are that although multi-shot techniques acquire only a segment of k-space after each diffusion sensitization and enable higher resolution and reduced susceptibility artifacts. Motion during the diffusion sensitization leads to phase changes and k-space offsets. These differ between segments in multi-shot sequences, which can lead to severe image artifacts if uncorrected (Atkinson et al., 2000). Motion as a function of the k-space position is the most relevant parameter for the appearance of artifacts. In the case of interleaved multishot k-space acquisitions, such as the RS-EPI DTI, even slow continuous drifts produce significant ghosting; for example, the gradual relaxation of the neck muscles in head imaging or of the muscles around the sciatic nerve after anesthesia in our study (Zaitsev et al., 2015). With the increase of readout segments, RS-EPI becomes more vulnerable to motion artifacts. To reduce these motion artifacts, a nonlinear phase correction and reacquisition technique based on navigation echoes is used in RS-EPI (Nguyen et al., 1998; Porter and Mueller, 2004). However, the correction would fail for severely corrupted data sets since the reacquisition is time-limited (only 20% of the standard measurement time) (Porter and Heidemann, 2009). Meanwhile, with the increase of segments, the scanning time of RS-EPI increases multiply (Friedli et al., 2017; McKay et al., 2020), and the corrupted data due to motion increases either. It would be difficult to reacquire all the corrupted data in a limited time, resulting in partial data loss. This explains the heavier motion artifacts and geometric distortion of the RS-7 EPI than the RS-5 EPI. The corrupted data was still in time to be corrected with a high probability. What’s more, it is essential wherein k-space fast motion occurs, as data corruption near the center of the k-space produces stronger artifacts than data corruption near the k-space periphery (Zaitsev et al., 2015). This is why the RS7-EPI scores in all aspects were more discrete than in the other two sequences in our study. When the motion occurs near the k-space periphery, the correction would be successful; while the motion occurs near the k-space center, the correction would be failed. In our study, due to the small size of the rat coil and the smaller voxel size with higher resolution, the signal strength is stronger, and the motion artifacts are more substantial (Gruber et al., 2018; Vergara Gomez et al., 2019). In addition to the extreme sensitivity to motion, the unsatisfied nerve image quality of RS7-EPI resulted from some other reasons. The sharp contrast tissue with a longer T2 relaxation time, such as nerve tissue, can produce motion-induced deterioration effects, which appear as a blurred border or geometric distortion (Chavhan et al., 2014). Conversely, the bone cortex and muscles with shorter T2 relaxation time have stronger resistance to motion artifacts than neural tissues. This explains why for the RS7-EPI, which is most sensitive to motion artifacts, the image quality of femoral and muscle scored excellent while the sciatic nerve scored poorly.

In our study, in terms of the artifacts of ventral margin and dorsal margin, both RS5-EPI and RS7-EPI performed very well. This is because in areas with more susceptibility artifacts, such as the ventral and dorsal margin (adjacent to the air), the readout segmented EPI becomes very dominant in reducing geometric distortion caused by susceptibility artifacts (Bogner et al., 2012; Yeom et al., 2013; Zaitsev et al., 2015). Moreover, we found that the performance of RS7-EPI at the ventral margin was not as good as that at the dorsal border, which may be due to the presence of the scrotum, bladder, and intestine, which are water-containing organs on the ventral side, indicating that RS7-EPI is more prone to motion artifacts for tissues with high T2, which is also consistent with the fact that neural tissues with high T2 signal are more prone to motion artifacts at RS7-EPI (Chavhan et al., 2014). The superior homogeneity of the muscles yielded by RS5-EPI and RS7-EPI due to their excellent SNR compared with RS3-EPI. In our study, RS-5 EPI generated more DTT fiber numbers and displayed a more condensed bundle and realistic architecture. This is first due to the superior SNR of RS5-EPI and second related to the stronger resistance to motion artifact.

In summary, RS5-EPI not only has the best SNR (TA) and best resists motion-induced artifacts and nerve display but also has fewer artifacts in the peripheral edge region and shows good muscle homogeneity, allowing the best image quality to be acquired in the DTI scan of the rat sciatic nerve.

Diffusion tensor imaging offers quantitative information on the structure and orientation features to assess peripheral nerve diseases. Among these DTI metrics, FA and RD were thought to be the most stable and sensitive biomarkers for evaluating peripheral nerve regeneration (Naraghi et al., 2015; Chen et al., 2017). FA can reflect the packing density of axons within a voxel. At the same time, RD quantifies the diffusion perpendicular to the axonal orientation and is supposed to reflect myelin-related information (Jeon et al., 2018). Previously, peripheral nerve repair-related studies have shown that in the process of nerve fiber regeneration, with the density and integrality of myelin increases, FA value increases while RD value decreases (Chen et al., 2017; Farinas et al., 2020; Zheng et al., 2021). Similarly, in the peripheral nerve degeneration process of healthy aging people, nerve anisotropy (FA) decreases and RD increases with the decrease of the number of myelinated fibers (Jeon et al., 2018). Therefore, FA and RD value are sensitive biomarkers to detect minor myelin. In our study, the overall correlation coefficients of FA and RD obtained with RS5-EPI were numerically higher than that with both RS3-EPI and RS7-EPI. The FA and RD values for the three RS EPI were correlated differently with almost all the myelin-related pathological parameters of the rat sciatic nerve. Therefore, this indicated that referring to rat sciatic nerve, RS-5 EPI can acquire better image quality and provide more sensitive and accurate histological information compared to RS3-EPI and RS7-EchangesPI.

Our study had limitations. First, healthy adult rats were used in this study. The differences in DTI parameters for monitoring pathological changes in the sciatic nerve of healthy rats were minor. Future comparative studies on the rat sciatic nerve injury model will be more meaningful. Second, we did not include the comparison of single short EPI in our research. Despite the severe magnetic sensitivity artifacts at the edges of EPI, the single short EPI might yield good image quality of the nerve because of the longer TE, stronger resistance to motion artifacts, and shorter acquisition time. It would be interesting to compare RS-EPI and SS-EPI in the sciatic nerve in the future.

In conclusion, for the rat sciatic nerve DTI imaging, the RS-5 EPI sequence was more robust to motion artifacts and offered a shorter scanning time than the RS-7 EPI sequence. Regarding SNR-values corrected for the acquisition time, RS5-EPI yielded significantly higher SNR than RS3-EPI and RS7-EPI. The FA and RD derived from the RS-5 EPI sequence might be highly sensitive quantitative biomarkers to detect rat sciatic nerve histopathological change. These findings will also inform the DTI sequence optimization in MRI basic research for peripheral nerves.
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One of the main challenges in brain research is to link all aspects of brain function: on a cellular, systemic, and functional level. Multimodal neuroimaging methodology provides a continuously evolving platform. Being able to combine calcium imaging, optogenetics, electrophysiology, chemogenetics, and functional magnetic resonance imaging (fMRI) as part of the numerous efforts on brain functional mapping, we have a unique opportunity to better understand brain function. This review will focus on the developments in application of these tools within fMRI studies and highlight the challenges and choices neurosciences face when designing multimodal experiments.
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Introduction and state-of-the-art

Functional magnetic resonance imaging (fMRI) is a powerful neuroimaging tool that since its inception in 1990 (Ogawa et al., 1990) has revolutionized human as well as non-human neuroscience and biomedical research. FMRI’s global brain coverage and relatively good spatial and temporal resolution can provide invaluable insights into whole-brain activity and network organization. Moreover, its non-invasive nature without ionizing radiation allow repeated and longitudinal in vivo acquisitions in the same subjects and thus evaluation and follow-up of disease progression and/or therapeutic outcome.

Functional magnetic resonance imaging relies on the coupling between neural activity and hemodynamic responses, known as neurovascular coupling (NVC) (Ingvar and Lassen, 1962). In its most common application, fMRI detects the blood-oxygen-level-dependent (BOLD) signal, which reflects changes in the relative levels of oxygenated and deoxygenated hemoglobin driven by changes in cerebral blood flow, blood volume, and blood oxygenation, which are coupled to neural activity by NVC (Buxton and Frank, 1997; Logothetis and Wandell, 2004). Hence, fMRI provides an indirect measure of neural activity. More specifically, neural activity has higher energy demands met by oxidative metabolism and that requires increases in oxygen consumption. The brain’s vascular system responds to this demand by increases in cerebral blood flow (CBF), termed as “functional hyperemia,” and cerebral blood volume (CBV) resulting in a local markedly increased ratio of oxygenated hemoglobin (HbO) over deoxygenated hemoglobin (HbR) (Attwell and Iadecola, 2002). The differences in magnetic properties of HbO (weakly diamagnetic) and HbR (strongly paramagnetic) result in measurable changes in MRI BOLD signal when their ratio is altered allowing the detection of activated brain areas. The capability of neuronal activity to trigger metabolic responses via the NVC became clear when autoradiography studies using the 2-[14C]-deoxyglucose (2DG) approach had been conducted (Sokoloff et al., 1977). Since then, the NVC has received much attention in the literature and the acquired knowledge has underlined its high level of complexity. Further, thanks to the research conducted by Chance et al. (1962) and Jöbsis (1977), it was shown that neuronal activity is not only able to trigger changes in CBF and CBV but also in oximetric signals detectable via optical imaging. The NVC is governed by several mechanisms and signaling pathways that are still far from being understood (Lok et al., 2007). Thus, although a link between neural activity and hemodynamic responses is established, their exact relationship is still an open research query. It is of importance to shed light on these phenomena not only to correctly interpret fMRI data but also to provide a better understanding of pathological conditions such as stroke or neurodegenerative diseases that are characterized, among other features, by the disruption of the NVC (Girouard and Iadecola, 1985; Jonckers et al., 2015). Currently, different fMRI methods are in use, including resting state [rsfMRI, Jonckers et al. (2015)], stimulus-evoked [st-fMRI, Barry et al. (2021)], and pharmacological fMRI [phMRI, Zhao et al. (2021)]. Respectively, these techniques permit the assessment of functional connectivity between brain regions during rest (measured by the correlation between low frequency fluctuations in the BOLD signal) as well as brain activation triggered by sensory stimulation or a pharmacological challenge. Each of these methods pinpoints different aspects of neuronal activity, making it a technique suitable to investigate different aspects of brain function.

In order to obtain full advantage from the application of fMRI, its strengths and weaknesses should be taken into consideration, together with the potential of other neural activity readout and neuromodulation approaches (Figure 1). It is essential to recognize what fMRI can and cannot do (Logothetis, 2008). On the one hand, fMRI is characterized by relatively high three-dimensional spatial resolution of the whole brain, but on the other hand, it is affected by a relatively low temporal resolution, given that it relies on the NVC that is slower in nature (order of seconds) in comparison to neuronal spiking activity that demonstrates millisecond resolution (Logothetis and Pfeuffer, 2004). As previously mentioned, fMRI is only an indirect measure of neuronal activity. The controversy surrounding the BOLD response and the interpretation of fMRI data is mainly related to it being a “surrogate” signal resulting from hemodynamic changes and therefore not a direct readout of neuronal activity (Logothetis and Pfeuffer, 2004).
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FIGURE 1
Overview of multimodal techniques expanding the spatial and temporal resolution of the experiment.


Combining fMRI with additional readouts of neural activity provides a powerful tool to gain insights into the NVC and the interpretation of fMRI findings. The most widely used probe for neural activity in experimental neuroscience has been electrophysiological recordings (Hubel, 1957; Wiesel, 1959; Rubaiy, 2017). More recently, the advent of novel technologies such as the development of (genetically encoded) calcium imaging dyes with relatively fast dynamics able to follow neural activity, introduced a stark competitor to electrophysiology. During the last decades, there has been a marked shift from electrophysiological approaches to optical imaging in combination with fMRI in the study of neuronal activity and NVC (Scanziani and Häusser, 2009). Each of these techniques provides a different approach in the study of neuronal activity in combination with fMRI and the use of one rather than another mainly depends on the aim of the study and on the type of neuronal activity investigation that has to be done.

This review compares electrophysiological with optical approaches that can be used in combination with MRI imaging. The focus is to provide an examination of the main features of these methods, including their implementation, costs and MRI compatibility starting from electrophysiology and ending with the most recent state-of-the-art optical techniques. By highlighting the pros and cons of each technique, we aim to guide scientists toward the most suitable technique for their goals.



Coupling the blood-oxygen-level-dependent signal to the electrical neuronal activity: simultaneous functional magnetic resonance imaging and electrophysiology

Since its inception, electrophysiology has been considered the “gold standard” to probe electrical neuronal activity (Galvani, 1791; Piccolino, 1997, 1998). Its strength relies on its remarkable sensitivity and temporal resolution in investigating, in the order of milliseconds, the electrical features of neurons by means of electrodes made of different materials (glass, metal, silicon). In particular, it provides direct and precise measurements of electrical currents and voltage changes at different scales, from single ion channels to small neuronal populations, with a high signal-to-noise ratio. However, electrophysiology shows disadvantages as well. While it offers high temporal resolution and precision (single neurons can be measured), it has limited spatial coverage, meaning that recordings of electrical signals are limited to neuronal groups and cannot be extended to the whole neuronal network and thus difficult to do whole-brain recordings. At the macroscale, indirect measurement of large areas of the brain’s activity is achieved via electroencephalography (EEG), at the mesoscale the development of microelectrode arrays (MEAs) has increased the number of neurons that can be recorded both in vivo and in vitro. They are however invasive in an in vivo setting and limited to the brain region of implantation and most importantly, they potentially record undefined signals coming from the areas surrounding the array (Obien et al., 2015).

The lack of a one-to-one correspondence between spontaneous electrophysiological and hemodynamic measures suggests that electrophysiology might be able to reveal properties of spatial patterns in spontaneous activity that are undetectable with fMRI. For example, the much better temporal resolution of electrophysiology enables researchers to answer questions about networks such as whether one brain area ‘leads’ while another one in the network “follows.” Measuring correlations between spontaneous signal fluctuations, be it in electrophysiology or in fMRI, has grown to be a much-used way to probe brain functional connectivity during rest. These so-called resting-state networks commonly found in fMRI seem to possess analogous electrophysiological patterns over the cortical surface (Schölvinck et al., 2013). At the same time, the wealth of spectral, spatial, and temporal scales afforded by electrophysiological measurements has begun to put the spotlight on the meaning and value of correlation-based concepts such as functional connectivity and functional networks (Schölvinck et al., 2013). To overcome the disadvantages related to both fMRI and electrophysiology and to achieve their maximum efficiency, they can be advantageously combined to shed light on the neuronal basis of the BOLD signal: while the BOLD signal at the basis of fMRI gives an indirect measure of neuronal activity, electrophysiology provides a direct measure of it (Logothetis and Wandell, 2004), hence becoming the starting technique to elucidate the neural basis of the BOLD signal. To help with interpretation of the neural basis of rsfMRI connectivity, Wang et al. (2019) utilized a multi-modal approach including rsfMRI, optogenetic stimulation (more on this in section Optogenetically modulating neuronal activity using light) and multi-depth cortical electrophysiology recording to examine whether and how the somatosensory thalamus contributes to cortical interhemispheric rsfMRI connectivity. They demonstrated that low frequency activities in the thalamo-cortical network contribute to brain-wide rsfMRI connectivity, highlighting the thalamus as a pivotal region that underlies rsfMRI connectivity. Both techniques are however, susceptible to electromagnetic interference, thus compromising each other in terms of signal and data acquisition when used in simultaneous setups. For example, electrophysiology electrodes can distort the magnetic field and jeopardize the MR image quality. Concurrently, the strong magnetic field can hamper the proper amplification of weak electrophysiological signals recorded inside the magnet. As a consequence, several features of the electrophysiology set-up must be modified to guarantee its functioning in the MRI scanner without compromising the quality of each measurement, therefore demanding a series of technical adaptations such as the use of nonmagnetic electrodes.

Logothetis and colleagues have played a major role in the development and improvement of these adjustments. One of these is the establishment of an interference compensation system able to compensate the interference to the electrophysiological signals generated by the alternation of the field gradients used for image generation during echo-planar imaging (EPI) (Oeltermann et al., 2007; Figure 2). Their research that sheds light on the neural origin of the BOLD signal via simultaneous electrophysiological recordings of local field potentials (LFPs) and spiking activity of neurons of the primary visual cortex and fMRI measurements in anesthetized non-human primates (Macaca mulatta) while visually stimulated using contrast gratings is considered fundamental for our understanding of the relationship of BOLD with neural activity (Logothetis et al., 2001). With the obtained results, they provided overwhelming evidence that the BOLD signal strongly correlates with the underlying LFPs, which are more accurately described as a combination of post- and pre-synaptic activity at multiple neurons (“peri”synaptic). This study had a considerable impact because, for the first time, it was demonstrated by means of electrophysiology and fMRI that a spatially localized increase in the BOLD signal directly and monotonically reflects an increase of the neural activity. As such, the BOLD signal is more closely related to LFPs than the spiking activity. The same has been demonstrated when investigating the coupling between the BOLD signal and electrophysiological recordings in a different brain area of anesthetized macaque monkeys: the motion-sensitive area MT in the visual cortex (Lippert Michael et al., 2010). Later, consistent with these results, other studies confirmed that the BOLD signal is better predicted by LFPs, even in case of pharmacological dissociation of spiking activity and LFPs (Rauch et al., 2008), as well as in alert and behaving experimental conditions (Goense and Logothetis, 2008). In fact, it was necessary to investigate if the same results could be reported in alert, awake animals because of the well-known effect of anesthesia on both neuronal activity and vasculature, consequently affecting the NVC (Williams et al., 2010; Masamoto and Kanno, 2012; Jonckers et al., 2015).
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FIGURE 2
Adapted from Logothetis et al. (2001). Diagram of the recording and compensation circuitry. The animal can be conceived as being capacitively connected to any metal contact, including connections to ground (Cg), sensor (Cs), and electrode (Ce). Because of the finite animal-to-ground capacity, a fraction of the interference currents flow through the electrode. To compensate for such currents, a sensor is built into the electrode holder (current sensor). Interference originating near the electrode tip or within the electrode holder and the cables is compensated for by using three small, orthogonally oriented identical coils positioned near the electrode (magnetic field sensor). C-V, current to voltage converter.


Pan et al. (2010) approached the issue of electrodes distorting the MRI images and the MRI acquisition inducing noise in the electrical recordings through the use of glass microelectrodes rather than metal and implementation of a noise removal algorithm for the electrophysiology data in a rat model. Their modified method of electrode implantation minimizes influence on the image quality, and successfully combined the strengths of functional brain imaging with electrophysiology. Jaime et al. stated that their use of intracortical implantation of a multichannel microelectrode array resulted in minimal distortion and signal loss in fMRI images inside a 9.4T MRI scanner. Due to nanomanufacturing advances permitting the production of MRI-compatible microelectrode arrays with 16 or more channels, multimodal research is widely extended. The methodology even permits longitudinal data collection of LFP and rsMRI (Jaime et al., 2018; Zaldivar et al., 2018). Other successful attempts at MRI compatible recordings include the use of carbon fiber electrodes placed on the skull or surface of the brain (Opdam et al., 2002; Austin et al., 2003; Nersesyan et al., 2004; Mirsattari et al., 2005; David et al., 2008) calomel electrodes anchored to the skull (Brinker et al., 1999), platinum wire electrodes covering the scalp (Sumiyoshi et al., 2011), saline-filled (Canals et al., 2009; Moreno et al., 2016) or carbon fiber-threaded (Shyu et al., 2004) glass micropipettes inserted into the brain. Duffy et al. took it a step further by developing carbon fiber optrodes (optical fiber and electrode hybrid devices), which can be utilized in chronic longitudinal studies (Duffy et al., 2015). It is evident that electrodes often cause susceptibility artifacts and could compromise fMRI outcomes. Some studies often show considerable artifacts nearby the electrodes (Walton et al., 2021). The use of tungsten microwires was an initial improvement (Chao et al., 2014; Lai et al., 2015; van den Berge et al., 2017), and further advanced with for example graphene fiber electrodes (Zhao et al., 2020) and advanced imaging sequences to obtain susceptibility artifact free fMRI data such as the 3D radial MRI pulse sequence “Multi-Band SWeep Imaging with Fourier Transformation (MB-SWIFT)” (Lehto et al., 2017).

Taken together, these findings and methodological adaptations allow to compare results coming from human fMRI studies with plenty of electrophysiological data obtained not only from anesthetized animals but also from animals in alert and behaving conditions (Keliris et al., 2007, 2019).

While adaptations for MRI compatibility are not widespread, there are excellent commercial in vivo recording systems available such as Smart Ephys to record, amplify, and analyze signals from freely moving or anesthetized animals (Multi Channel Systems MCS GmbH, 2020). Similarly, commercially available probes such as NeuroNexus or ATLAS Neuroengineering are widely used in literature, however, these systems still need adaptations for multimodal use. When it comes to commercially available MRI compatible systems, Blackrock has a unit named MagRes, which is an MRI compatible headstage that will allow small animal researchers to directly correlate neural activity with hemodynamic changes detected on MRI for awake and responsive subjects (Blackrock Neurotech, 2021).

In terms of translation to human studies, EEG and fMRI are two of the fundamental non-invasive methods for identifying brain activity. Multimodal methods have sought to combine the high temporal resolution of EEG with the spatial coverage of fMRI, but the complexity of this approach is still in need of improvement. Nguyen et al. (2018) recently described a method for better EEG and fMRI integration using a spatiotemporal fMRI constrained source analysis method. Similarly, Klein et al. (2015) published a study in 2015 focusing on the influence of the EEG on morphometric measurements of T1-weighted MRI data, recommending against using the structural images obtained during simultaneous EEG-MRI recordings for further anatomical data analysis, despite the benefit of time and as long as no final solution is found for correcting the artifacts caused by the EEG setup.



From electrons to photons: magnetic resonance imaging combined with optical imaging as a readout

The scientific community is experiencing a replacement of electrophysiological techniques by optical techniques, mainly because optical imaging offers greater advantages in probing neural activity in terms of both spatial resolution and target specificity by means of genetic approaches (Luo et al., 2008). While electrophysiology is spatially limited (only able to record electrical signals from neurons within a circumscribed brain region surrounding the recording electrodes), optical imaging allows simultaneous recordings from a whole neuronal population of interest at high spatial resolution. Contrary to electrophysiological recordings, optical imaging allows to record neuronal activity without invasive contact with the tissue because light can be transmitted through. Most optical imaging methods make use of (fluorescent) reporters to record neural activity, which, in the last decade, have been subject to continuous improvements. Ultimately, optical approaches have gained use over electrophysiological approaches, revolutionizing research into neuronal activity. Optical measurements of membrane voltage [e.g., via voltage-sensitive dyes (VSDs) or via genetically encoded voltage sensors (GEVIs)] is however, limited by averaging. Consequently, the detection of single action potentials through optical reporters is still challenging. It is also possible to perform label-free optical imaging of the membrane potential, avoiding the need for exogenous chromophores. However, this technique is still at an early stage, though first demonstrated 70 years ago, and is challenged by the relatively small signals generated by the intrinsic optical properties (Lee et al., 2019). Instead of membrane voltage, intracellular calcium changes can be monitored using fluorescent calcium-sensitive dyes as an indirect measure of neural activity (see Calcium signal as a readout of neuronal activity: Magnetic resonance imaging and fiber-optic calcium recordings). Another complementary technique is intrinsic (signal) optical imaging, which allows scientists to indirectly record cortical neural activity by measuring hemodynamic changes in the brain, and is thus based on the NVC like fMRI (Morone et al., 2017). This method also avoids the need for a fluorescent reporter and there is no need for a cranial window or thinning the skull in small animals. However, these intrinsic signals are much weaker than changes measured through the skull with calcium indicators and have lower spatial resolution. The temporal resolution is limited by the hemodynamic response (Juavinett et al., 2017).

For simultaneous readouts with functional MRI, fiber photometry is ideally suited. An optical fiber can guide the laser beam into the MR bore, while the signal is detected by equipment placed outside of the magnetic field, so that the two methods do not interfere with each other. An array of fibers can be implanted so as to target multiple brain regions of interest (Sych et al., 2019). An important pitfall to be aware of however, is potential heating caused by the laser. This heating can impact the MR signals causing T1 and T2* changes (Christie et al., 2013). Schmid et al. executed control experiments to rule out heat-induces apparent BOLD signal upon stimulation with blue light and propose this may be used as a standard control experiment in opto-fMRI. Occurrence of apparent BOLD is dependent on the energy deposited in the tissue, which is determined by the intensity, duration, and frequency of the stimulation pulses (Schmid et al., 2017). Further things to consider are light propagation in tissue becoming diffusive and therefore losing spatial information (Ioanas et al., 2022b), and correction for absorption of fluorescence light by blood (Zhang et al., 2021).

Opto-fMRI of excitatory vs. inhibitory neurons has also deepened our understanding of BOLD itself. It is assumed that the BOLD fMRI response reflects changes in excitatory neural activity. However, the contribution of inhibitory neurons to BOLD fMRI is unclear. The group of Seong Gi-Kim has published some interesting work in this regard. They selectively modulated inhibitory and excitatory neuronal activity in the somatosensory cortex by 20-s optogenetic stimulation of VGAT-ChR2 and CaMKII-ChR2 mice, respectively, to provide insights into the neurovascular coupling of excitatory and inhibitory neurons and the interpretation of BOLD fMRI signals (Moon et al., 2021). One of their other studies provides useful insights into how perfusion signals of different epileptic states are related in terms of NVC by conducting real-time in vivo measurements of cerebral blood flow (CBF), vessel diameter, and excitatory and inhibitory neuronal calcium signals during recurrent focal seizures (Lim et al., 2021).


Calcium signal as a readout of neuronal activity: Magnetic resonance imaging and fiber-optic calcium recordings

Calcium is a reporter of neuronal activity: changes in intracellular calcium concentration reflect changes in voltage membrane (Grienberger and Konnerth, 2012). Calcium is an important second messenger in eukaryotic cells and it is of central importance to mammalian neurons (Brini et al., 2014). In fact, it plays a crucial role in several neuronal mechanisms at different levels: presynaptically, calcium influx determines the release of neurotransmitter packed in synaptic vesicles (Neher and Sakaba, 2008); postsynaptically, a temporary increase of calcium at the level of the dendritic spines is responsible for activity-dependent synaptic plasticity (Zucker, 1999). Calcium ions are also involved in the regulation of gene transcription at the subcellular level (Lyons and West, 2011). As opposed to fMRI, calcium indicators provide an accurate and direct measure of neuronal activity with a high signal to noise ratio. More specifically, neuronal activity is measured as changes in the intracellular calcium concentration reflected by altered emitted fluorescence of the calcium indicator (Wachowiak et al., 2002).

Calcium indicators may be classified into three different types, each one characterized by distinct features: (1) the bioluminescent calcium indicator aequorin (Ohmiya and Hirano, 1996); (2) chemical calcium indicators; (3) genetically encoded calcium indicators (GECIs). The bioluminescent calcium indicator aequorin is extracted from marine organisms. When calcium binds its calcium binding sites, aequorin undergoes a conformational change that results in the emission of a photon (Ohmiya and Hirano, 1996). This calcium indicator does not require external illumination, thus providing several advantages including avoidance of phototoxicity, photobleaching, autofluorescence, and induction of light-dependent biological processes. On the other hand, aequorin can perform only one photon emission per cycle and it has to be loaded into single cells using a micropipette. Moreover, aequorin does not represent the best choice in terms of quantum yield and protein stability. On the contrary, chemical calcium indicators (e.g., Fluo-3, Calcium Green-1, and Oregon Green BAPTA) can be loaded into the brain with different approaches such as multicell bolus loading (Stosiek et al., 2003; Schulz et al., 2012) and bulk electroporation (Nagayama et al., 2007). Moreover, there are several types of chemical calcium indicators with differential calcium affinity and spectral properties that can be simultaneously used. The last category, GECIs (e.g., GCaMP6, RCaMP) entered the stage of calcium imaging more than a decade ago and are currently widely used in neuroscience. They are characterized by high target specificity since they can exclusively be expressed in neuronal subpopulations of interest by means of viral constructs injected into brain areas of choice. Compared with chemical indicators (Paredes et al., 2008), they show reduced toxicity and are functional in neurons for longer periods of time, thus making them most suitable for longitudinal studies (Grienberger and Konnerth, 2012).

Calcium-based optical fiber photometry allows to investigate circuit-specific activity dynamics recording bulk changes in calcium fluorescence signals in genetically defined neurons in a relatively simple and artifact-free manner through an optical fiber implanted in the animal’s head (Schlegel et al., 2018). Proper fiber implantation is important for the success of the recordings. Because of the optical fiber, this technique allows to penetrate deeper brain regions (subcortical regions) in comparison with the older two-photon calcium imaging but at the same time it lacks in cellular resolution. To overcome this limitation, it can be alternatively combined with two-photon microscopy that, on the contrary, gives excellent spatial resolution (Resendez and Stuber, 2015). Two-photon-imaging in combination with novel calcium indicators (e.g., GCamp7) allows the recording of large networks of neurons (hundreds of cells) with high timing accuracy (single spike detection), yet in a complementary manner rather than simultaneously. Unlike electrophysiology, it does not require MRI sensitive components such as metal wires, hence it does not interfere with fMRI acquisition due to the lack of radiofrequency interference. fMRI and calcium-based optical photometry can be combined to correlate neuronal activity of specific neuronal networks to whole-brain activity and functional connectivity (Yu, 2017; Figure 3). Recently, MRI-compatible microscopes are being developed for optical readout during fMRI with the potential to provide a resolution superior to MR resolution and to highlight particular structures (Wapler et al., 2021).
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FIGURE 3
Illustration of fiberoptics/fMRI setup. The optic fibers are implanted above the opsin/calcium indicator-stained area, fixed to the skull, guided through the coil and connected to the stimulation/detection unit.


To date, calcium-based optical fiber photometry represents an important milestone in the study of the correlation between neuronal activity and hemodynamics determining the BOLD signal.

The first paper reporting in vivo studies using calcium indicators in mammals (GCaMP3) was published in 2009 (Tian et al., 2009). Subsequently, many studies have been published using fiber photometry in combination with other techniques (e.g., fMRI, optogenetics), expanding the palette of multimodal imaging techniques. Schulz et al. (2012) demonstrated the feasibility of coupling fiber-optic calcium recording and fMRI to simultaneously acquire calcium-specific fluorescence emitted by chemical calcium indicators (OGB-1, Rhod-2, and Fluo-4) and BOLD signals in a forepaw stimulation paradigm and to reveal the complexity of the BOLD signal that involves not only neuronal but also glial activity. A similar approach was used by Schmid et al. (2016), who additionally manipulated neuronal activity with optogenetics. Independent of the type of stimulation (sensory or optogenetic), the calcium response was identical.

A major disadvantage of calcium dyes as opposed to GECIs is that longitudinal studies are more challenging due to their shorter decay time, loading approach and limited cell-type specificity. To overcome these limiting factors, it is possible to use GECIs and in particular, the improved generation of GECIs (Chen et al., 2013). Liang et al. (2017) used an improved version of GECIs, namely GCaMP6f, to demonstrate the feasibility of simultaneous calcium and BOLD signals recordings in order to elucidate the neural basis of the BOLD signal. The adopted approach was validated with a visual stimulation paradigm: upon visual stimulation, a robust increase of calcium and BOLD signals was detected. The importance of this study relies on the establishment of a setup that allows longitudinal and simultaneous GCaMP6-based fiber photometry and fMRI in rats, thus setting new perspectives to investigate the NVC. Recently, even more insights into the BOLD signal have been revealed by coupling fiber-optic calcium recordings to fMRI. He and colleagues have developed single-vessel resting-state fMRI to delineate vessel-specific fluctuations in the BOLD signal (He et al., 2018). Combining this technique with simultaneous intracellular calcium recordings, they have been able to investigate whether neuronal activity is correlated with fluctuations in the cerebral vasculature. This method has allowed to determine the temporal dynamic features of neurovascular fluctuations and to define the spatial distribution of these fluctuations in the BOLD signal in the neurovascular network. The data show that neural activity and intrinsic vascular fluctuations are correlated. Although emerging evidence suggests that the hemodynamic response function (HRF) can vary by brain region and species, a single, canonical, human-based HRF is widely used in animal studies. Therefore, the development of flexible, accessible, brain-region specific HRF calculation approaches is paramount as hemodynamic animal studies become increasingly popular. Chao et al. calculated empirical HRFs for various rat brain regions, by simultaneously measuring neuronal activity via GECI GCaMP6f, local cerebral blood volume (CBV) from intravenous Rhodamine B dye, and whole brain CBV via fMRI with the Feraheme contrast agent. Empirical HRFs were calculated with GCaMP6f and Rhodamine B recordings from rat brain regions during resting-state and task-based paradigms, resulting in each HRF faster and narrower than the canonical HRF and no significant difference between these regions. When used in general linear model analyses of corresponding fMRI data, the empirical HRFs showed better detection performance than the canonical HRF (Chao et al., 2022).

It is evident that a multimodal approach in which fMRI is simultaneously coupled with calcium optical fiber recording is of exceptional utility and validity. Last but not least, the use of simultaneous fMRI and GCaMP-mediated Ca2+ optical fiber recording has allowed to discover the role of the astrocytic Ca2+ signal in the modulation (vasodilatation/constriction) of the neurovascular network and its influence on thalamic regulation of cortical states. Interestingly, it has been found that sensory-evoked and intrinsic astrocytic Ca2+ signals were, respectively, coupled with positive and negative BOLD signals, giving rise to specific NVC events (Wang et al., 2018). In this regard, the work of Lake et al. is of interest as well, highlighting MR-compatible optical calcium imaging approached by concurrent wide-field optical and functional MRI (Lake et al., 2020). Pais-Roldán et al. (2020) went a step further to combine both simultaneous fMRI and fiber-optic calcium recordings with pupillometry to enable tracking of brain-state dependent pupil dynamics and identifying unique cross-scale neuronal dynamic patterns under anesthesia. This study suggested that the pupil dynamics observed during anesthesia in rats are directly linked to the global fMRI signal fluctuation, as well as to the cortical population activity observed as neuronal calcium transient oscillations, and perfectly exemplifies the successful combination of imaging modalities. A recent study consisting fiber-based optical recordings in animals expressing the genetically encoded calcium sensor Twitch-2B combined with fMRI elucidated the pitfall of hemodynamic artifacts and how to correct them (Lambers et al., 2022). The authors identified prominent effects of hemodynamic artifacts in the timecourses of fluorescence and fMRI signals and applied an MR parameter-based correction algorithm to yield results consistent with expected signal changes.

In recent years, the development of multimodal nanoprobes has been growing. An example of these nanostructures is a bimodal system based on quantum dots and low molecular weight Gd3+ chelates, prepared for MRI and optical analyses (Albuquerque et al., 2021). Non-covalent nanosystems range in size from 7 to 160 nm, and a relaxivity value of 4.5 (at 1.5 T) to 31.5 (at 35 MHz) mM–1s–1 per Gd3+. Covalent nanosystems can range from 8 to 45 nm diameter, and relaxivity values from 1.6 (at 3 T) to 24 (at 1.5 T) mM–1s–1 per Gd3+. It can be concluded that the preparation method is independent of both the final nanoprobe size and their relaxivity values. Studies about the nanoprobe stability and inertness in the presence of endogenous metals in mammals are still required.




Neural perturbation: combining magnetic resonance imaging with neuronal excitation or inhibition


Electrical stimulation

While electrical neural activity can be probed by means of electrophysiology as described above, targeted brain regions can also be stimulated through electrodes in a technique known as deep brain stimulation (DBS). DBS has developed over the last 20 years into a highly effective evidenced-based treatment option for neurological disorders. Moreover, it has become a fascinating tool to provide illustrative insights into the functioning of brain networks. Similar to electrophysiological recordings, brain stimulation is achieved by means of stereotactically implanting electrodes into specific targets in the brain, and delivering constant or intermittent electric currents from an implanted battery source (Gonzalez-Escamilla et al., 2020).

Non-invasive brain circuit tracing, using fMRI, allows the exploration of direct clinical effects of DBS. However, fMRI studies on patients implanted with DBS electrodes are limited because of safety concerns and imaging artifacts (Tagliati et al., 2009; Kahan et al., 2015), therefore, animal models typically are used with these aims. A technique by Tolias et al. (2005) to record brain activity using the blood oxygen level dependent (BOLD) signal while applying electrical microstimulation to the primate brain, demonstrated its utility in uncovering in vivo functional connectivity maps.

In non-human primates, subthalamic nucleus (STN)-DBS increases BOLD activation in the sensorimotor cortex, supplementary motor area, caudate nucleus, pedunculopontine nucleus, cingulate, insular cortex, and cerebellum (Min et al., 2014). Similarly, increased BOLD responses in motor, somatosensory, and cingulate cortices to STN- and internal global pallidus (GPi)-DBS are found in rats (Lai et al., 2014). In pigs, DBS targeting of the STN and the entopeduncular nucleus, the non-primate analogue of the primate GPi, induces increased BOLD activity in the ipsilateral sensorimotor network, including the premotor, primary motor, and primary somatosensory cortices, as well as dorsolateral prefrontal and anterior cingulate and insular cortices. The network activations showed differential, target-specific, non-motor network effects (Min et al., 2012).

Neurons can be stimulated electrically through metal or MRI compatible glass electrodes, but electrical stimulation is nonspecific regarding cell-type and allows to directly trigger neuronal activity only in single or a small group of neurons dependent on the position of the stimulating electrode.



Optogenetically modulating neuronal activity using light

In addition to neuronal activity measurements, light can also be used to modulate neuronal activation. More promising than the electrical stimulation described above is the relatively new technique known as optogenetics, which guarantees higher genetic, temporal and spatial specificity (Nagel et al., 2003; Zhang et al., 2007). The use of light is paving the way to a more specific and effective control and investigation of neuronal networks’ activity.

Optogenetics represents a technique of choice to modulate neuronal activity using light. Its implementation results from the need to establish a method that can be used to pinpoint how different neuronal subtypes cooperate to carry out thoughts, feelings, movements and how their activity is affected in brain pathology. Optogenetics has revolutionized the field of neuroscience because it allows, as opposed to classical electrical brain stimulation techniques, a real-time direct optical manipulation of specific neuronal subtypes, ensuring both excellent spatial and temporal resolution in various animal models (Yizhar et al., 2011). For this technique, target cells are genetically modified to express light-activated ion channels like channelrhodopsins (ChR), halorhodopsin and light-gated ionotropic glutamate receptors (Lin, 2011). In this way, their activity can be triggered or inhibited by light on a millisecond time scale. Microbial opsins can be selectively expressed in target neurons using viral vectors (Yizhar et al., 2011). Optogenetics does have some possible caveats that should be taken into account when planning optogenetic experiments (Guru et al., 2015): (1) opsins’ expression and light delivery is not uniform in all targeted neurons; (2) fiber placement is of importance: if the fiber is just slightly displaced, the success of the experiment could be impeded; (3) the delivered light indiscriminately modulates all the neurons of the targeted neuronal population, shadowing individual neuronal activity patterns; (4) opsins’ expression can alter the physiological activity of neurons, including their cellular machinery due to the expression of “additional” ion channels in the cellular membrane; and (5) the specificity of light excitatory modulation can be impaired because direct delivery of light on the axonal membrane can also result in the excitation of terminals projecting to other brain areas which are not of interest.

Although the history of the methodological development can be traced to the 1970s, one of the most important milestones in the implementation of this technique was not achieved until 2005, when Karl Deisseroth’s group conducted the expression of channelrhodopsin-2 (ChR2) in neuronal cells (rat hippocampal cultured cells) to identify light-evoked neuronal activity (Boyden et al., 2005). Nowadays, this breakthrough technique permits to achieve a virtually complete neural circuit mapping, thus providing a causal link between brain activity and behavior in healthy and pathological conditions (Tye and Deisseroth, 2012). From its appearance until now, implementation of optogenetics has been made much easier thanks to the growing literature dealing with several technical aspects of this technique such as opsins’ choice, light source (lasers, LEDs) and delivery (intensity, depth of illumination), genetic targeting specificity and stimulation/inhibition protocols.

Optogenetics can be combined with fMRI resulting in what is known as optogenetic fMRI (opto-fMRI). Opto-fMRI combines the precision of optogenetic manipulation and the high spatial resolution at the whole-brain level of fMRI that enable the examination of activity and functional connectivity of specific neural networks at the whole-brain level without electromagnetic interference with the radiofrequency signal. Opto-fMRI allows to indirectly measure neuronal activity in the whole brain at high spatial resolution, independently from the site of stimulation (Lee et al., 2010). Specifically, this method allows to determine the effects of activation/inhibition of a specific target neuronal population on whole-brain activity and functional connectivity. To combine both techniques, some precautions should be taken. Importantly, the optical fiber and implanted cannula used to deliver light into the brain must be MRI compatible. Further, the laser power and fiber implantation have to be carefully established to avoid false BOLD responses. In fact, a negative BOLD response has been observed in the area under the fiber tip during high laser power stimulations (Desai et al., 2011). In 2013, Christie and colleagues have again noticed that fMRI responses are influenced by laser power, which acts as a possible confounding factor in opto-fMRI studies. Indeed, prolonged (30s) blue light exposure of naïve brains of dead rats has caused a temperature increase and has impacted the MR signal in terms of temperature dependent changes in the relaxation times T1 and T2* (Christie et al., 2013).

While taking these caveats into consideration, some important research has been done using opto-fMRI. Lee et al. (2010) published a paper that has proven that optogenetics can be used together with high-field MRI to study the BOLD signal evoked by optical stimulation of specific brain areas in anesthetized rats. In particular, opto-fMRI was used to explore the role of local excitatory neurons in the induction of the BOLD signal. To this aim, ChR2 was expressed under regulation of the Ca2+/calmodulin-dependent protein kinase II (CAMKII) promoter in the primary motor cortex (M1) of adult rats by means of an AAV vector. Upon optical stimulation, light-activated neurons elicited a BOLD response not only in the illuminated area (M1) but also in the non-optically stimulated thalamus. This study is important not only for its findings related to the nature of the BOLD signal but also because it underlines crucial features characterizing opto-fMRI. The most relevant is the opportunity to globally map the effect of the manipulation (light stimulation) of a specific neuronal population on the whole-brain activity in rodents, rendering information about the networks recruited by local neuronal populations.

Abe et al. (2012) used opto-fMRI in a 2012 study to explore the neuronal connectivity of the hippocampal formation utilizing a rat strain that expressed ChR2-venus protein. After optical stimulation at the dentate gyrus, they obtained a BOLD response not only in the dentate gyrus, but also in CA3, and they also detected the longitudinal-axis activation of the hippocampal formation. The authors state that these results may accelerate the search for dynamical functional brain mapping, as well as increasing our understanding of hippocampal networks. More importantly though, it further establishes opto-fMRI as a powerful tool for neuroscience.

More recently, Christie et al. (2017) conducted the first three-dimensional study of spatial correlations of NVC using single pulse opto-fMRI, a technique based on the delivery of only one brief and short light stimulus. This approach ensures (1) a well-defined modulation of the volume of activated neurons in a determined brain region, spatially confining the recruitment of neural activity; (2) minimization of vascular and neuronal adaptation; and (3) prevention of heating artifacts. It provides a unique view of the spatial features of the NVC. ChR2 was expressed in cortical glutamatergic neurons of anesthetized rats, which then were illuminated with a single 10 ms pulse of blue light (inter-stimulus interval 20 s) of gradually increasing intensities to manipulate the spatial extent of the stimulus. Simultaneously, a 3D-mapping of functional hyperemia was done in order to estimate the volume of neural and hemodynamic correlations. As previously reported (Leithner and Royl, 2014), the spatial extent of the BOLD response is way more extended than the estimated volume of neuronal activation. However, a major limitation was that the spatial extent of neuronal activation was not directly measured but only estimated on the basis of the scattering and absorption features of blue light in the brain. A very recent study by the Grandjean group used opto-fMRI to show enhanced fMRI signal within several projection areas following optogenetic activation of the entorhinal cortex 3xTgAD mice (Mandino et al., 2022).

A major hurdle for making full use of the versatility of optogenetics, and thus of opto-fMRI, and GECI, is the application in species with low or no availability of transgenic lines in species such as primates (Gerits and Vanduffel, 2013). The highly flexible Cre-LoxP/adeno-associated viral (AAV) vector delivery method is usually dependent of transgenic lines expressing Cre recombinase under the desired cell-type-specific promoter, or alternatively of co-injection of an AAV vector expressing Cre recombinase under the desired cell-type-specific promoter (Gompf et al., 2015). Large libraries of such transgenic lines are available for rat and mouse models (Han, 2012), yet for other animal models there is no comparable availability, and consequently, opto-fMRI applications in these settings generally make use of more unwieldy custom lentiviral vectors, as well as close consideration of the trade-off between promoter length and expression characteristics.

One key feature of optogenetics is the ability to selectively modulate cells closely relevant to specific neurotransmitter systems. Prominent studies of neurochemical systems with fMRI include dopamine modulation (Decot et al., 2017; Lohani et al., 2017; Ioanas et al., 2022a), with findings suggesting that large-scale brain-wide activity dynamics, measured across many distinct neuroanatomical regions, are also directly or indirectly regulated by the activity of VTA dopaminergic neurons in vivo (Decot et al., 2017), and that mesolimbic and non-limbic basal ganglia dopamine circuits are functionally connected (Lohani et al., 2017). Ioanas et al. (2022a) present a comprehensive assay producing the first whole-brain opto-fMRI map of dopaminergic activation in the mouse, and show that VTA dopaminergic system function is consistent with its structural VTA projections.


New frontiers in small animal imaging: Simultaneous fiber-optic calcium recordings and opto-functional magnetic resonance imaging

While technically challenging, it is possible to combine fiber-optic calcium imaging together with opto-fMRI to simultaneously modulate genetically targeted neuronal populations, record their neuronal activity and acquire whole-brain activity and functional connectivity data. This would be utterly difficult with electrophysiology instead of calcium imaging/optogenetics because it does not allow to record or modulate neuronal activity from hundreds of genetically identified neurons at the same time. As previously discussed for opto-fMRI and fiber-optic calcium recordings combined with fMRI, all the set-up components must be MRI compatible or at least positioned outside the scanner room. Importantly, both opsins and calcium indicators need to have non-overlapping spectra in order to avoid potential cross-talk (Akerboom et al., 2013). If optogenetics and fiber-optic calcium recordings are performed in the same brain area using the same excitation wavelength, the detecting fiber can be saturated by fluorescence. This phenomenon can be prevented in two ways: by using different wavelengths for opsin and calcium indicators or by spatially separating the area of the opsin’s excitation and the region of neuronal activity detection (e.g., the light used to excite the opsin is delivered in the medial septum and the detection of calcium indicators’ fluorescence is done in the hippocampus). If the second solution is adopted, the excitatory fiber and the detecting fiber have to be precisely positioned to ensure that excitation and detection happen in their exact locations. Further, before starting the experiment, the laser power has to be defined in order to avoid tissue heating and false MRI signal. The stimulation duration is important as well: while short pulses (in the order of millisecond) are sufficient to activate opsins such as ChR2, a longer stimulation is required for BOLD measurements. It has been demonstrated that a BOLD response can be evoked by a single 10 ms pulse of excitatory light (Christie et al., 2017) or with consecutive shorter pulses (1 ms) lasting several seconds (Albers et al., 2018). Chen X. et al., 2019 verified the multi-modal fMRI platform in combination with both optogenetic stimulation and simultaneous Ca2+ recordings to map optogenetically-driven single-vessel fMRI with concurrent neuronal calcium recordings in the rat hippocampus. By implementing simultaneous optogenetic single-vessel fMRI and optical fiber Ca2+ recordings, distinct hemodynamic spatiotemporal patterns across the hippocampal vasculature could be directly characterized based on concurrent neuronal Ca2+ signals for the first time. It is worth noting that in labs with a specialized infrastructure, it is possible to monitor the positioning of the optical fiber with MRI feedback to ensure that the recording or stimulation is done in the optimal place. In this regard, Chen et al. described an MRI-guided robotic arm as a flexible positioning system to assist optical fiber brain intervention in real time in a study involving optogenetic fMRI with concurrent Ca2+ recording (Chen Y. et al., 2019).




Perturbation of neural activity using chemogenetics

Altered neural signaling can also be achieved using a chemogenetic approach, the most commonly used being Designer Receptors Exclusively Activated by Designer Drugs or DREADDs. DREADDs are extremely useful research tools that allow a targeted manipulation of certain pathways in the brain. DREADDs are genetically modified G protein coupled receptors (GPCRs) that only respond to an exogenous drug and not to any endogenous molecule, activating one of three major GPCR signaling pathways, ultimately leading to activation or inhibition of the DREADD-expressing cells. Using DREADDs, one can unravel the specific role of different pathways in the brain. Compared with optogenetics, DREADDs have the advantage that they can be activated by systemic administration of a pharmacological compound and that they have less temporal restrictions, which renders them more attractive for therapeutic purposes. Although the temporal precision and control of chemogenetics is lower than optogenetics, it has been proven to be an invaluable tool in modern neuroscience allowing cell-type-specific modulations, bidirectional control of cells, and mapping of functional networks.

In vivo, DREADDs expression in specific cell types is typically achieved by using transgenic mouse models or focal viral vector injections targeting selected brain areas. Various transgenic mouse models have been developed to specifically express DREADDs in selected cell populations by using specific promoters (Guettier et al., 2009; Farrell et al., 2013), the transcriptional Tet-On/Off system (Alexander et al., 2019) or the Cre-recombinase system (Zhu et al., 2016). On the other hand, DREADDs can also be expressed using a completely virally mediated method. In this case, a viral construct is intracranially injected and the cellular transduction and expression of the DREADDs is determined by the viral vector’s serotype (of genome and capsid) and promoter gene (Aschauer et al., 2013). After successful expression of the designer receptors, they can be activated by administration of a designer drug, such as clozapine-N-oxide [CNO, Armbruster et al. (2007)] or JHU37160 (Bonaventura et al., 2019).

Our lab has recently made progress studying targeted cholinergic stimulation in rodents using pharmacological fMRI (phMRI) (Peeters et al., 2020a,c). The study of this chemogenetic manipulation with phMRI is a method without any interference to the MRI hardware, as no external hardware is necessary for targeted brain stimulation. In literature, DREADDs stimulation combined with MRI has been used to capture the effect of selective activation of certain neuronal populations. Baslow et al. (2016) used functional magnetic resonance spectroscopy to evaluate alterations in local neuronal N-acetyl-aspartate as well as a BOLD fMRI to assess changes in neuronal activity. In this study, a viral delivery method was used to express excitatory hM3Dq-DREADDs in medial prefrontal cortex neurons. CNO injection elicited a focal decrease in the N-acetyl-aspartate signal and an increased BOLD response. In addition, local field potentials were recorded as a direct measure of neural activity and confirmed that CNO could increase neural activity through activation of hM3Dq, supporting the utility of DREADDs in vivo (Baslow et al., 2016). Roelofs et al. expressed hM3Dq receptors in the mesolimbic and mesocortical pathway in rats. Significantly increased BOLD responses were observed in the ventral tegmental area, nucleus accumbens, and medial prefrontal cortex after CNO injection. DREADDs stimulation not only induced activation in the mesocorticolimbic regions but also drove BOLD response alterations at the whole-brain level. In contrast to the altered neural activity, the functional connectivity remained stable after CNO injection (Roelofs et al., 2017). Giorgi et al. (2017) highlighted the advantage of chemogenetics combined with fMRI to causally link the activity of specific neuronal populations with whole-brain functional activity. The stimulation of serotonergic neurons upon CNO injection in transgenic mice expressing excitatory DREADDs in serotonergic neurons, resulted in a significantly increased relative cerebral blood volume in connected regions encompassing corticohippocampal and ventrostriatal regions while the administration of the selective serotonin reuptake inhibitor citalopram globally decreased the relative cerebral blood volume (Giorgi et al., 2017).

Another neurochemical system studied with a chemogenetic-fMRI approach is the norepinephrine system. Zerbi et al. (2019) used a mouse model to study the effect of locus coeroleus (LC) stimulation on large-scale functional connectivity and showed that LC activation rapidly interrupts ongoing behavior and strongly increases brain-wide connectivity, with the most profound effects in the salience and amygdala networks. Oyarzabal et al. (2022) reported that chemogenetic-induced tonic LC activity decreased cerebral blood volume (CBV) and glucose uptake and increased synchronous low-frequency fMRI activity within the frontal cortices of the DMN.

For a full review of the combination of chemogenetics with in vivo imaging modalities, we refer to Peeters et al., 2020b.

In contrast to optogenetics, chemogenetics allow for remote and longer lasting activation/inhibition of neuronal activity without the need for an optic fiber implantation. In vivo imaging will allow non-invasive, longitudinal monitoring of disease progression and therapy response in patients that will undergo DREADD-based neuromodulatory therapy.




Conclusion and future directions

Advancements in neuroscience and specifically in the investigation of NVC are essentially owed to the recent technical improvements developed in the field of multimodal MRI. Above all, a major role is played by the development and combination of techniques such as fMRI, optogenetics and fiber-optic calcium imaging that are able to efficiently manipulate not only individual cells, but also neuronal networks at a whole-brain resolution. Figure 4 summarizes strengths and caveats that need to be considered when combining techniques in a simultaneous recording setup.


[image: image]

FIGURE 4
Comparative overview of specifications for multimodal imaging approaches.


In short, if the main focus of the experiment is to acquire direct and not averaged recordings of neuronal activity of single neurons or at least a limited number of them, electrophysiology still remains the best choice, whereas if the scientist aims to investigate/modulate neuronal activity of genetically identified neuronal types at a network level, optical techniques are recommended. However, as is the case with any newly developed methodology, one must also be wary of the caveats. Recently, Christophe Bernard reviewed some confounding factors that should be taken into account when interpreting optogenetic effects (Bernard, 2020), such as brain dynamics, cell dynamics, possible perturbations by inserted channelrhodopsins, possibility of the light perturbing native proteins and modifications triggered by the viral vectors. We have to always be aware of what this means for data interpretation.

Today’s systems neuroscientists face a choice. While the animals they study engage in some behavioral task, how should they monitor neural activity? Should they use electrodes? Should they introduce into their neurons of interest a molecule that will signal activity and image it? Should they monitor whole-brain activity or use localized techniques? The main goal of multimodal MRI is to simultaneously combine fMRI with other different methods to take advantage of their technical strengths while compensating for possible weaknesses. It represents a powerful tool to investigate the link between neuronal activity and vascular network dynamics from single cell or circuit level to the whole brain with a multiscale approach. Electrophysiology and MRI have been considered the opening chords of a revolution characterized by a shift from electrons to photons and from the application of single techniques (e.g., electrophysiology, fMRI) to the simultaneous combination of fMRI with techniques able to modulate and measure neuronal activity.

Although the described techniques complement each other well, additional technical improvements are critical. These advancements may pave the way for longitudinal brain imaging studies providing single-cell and network resolutions as well as specific control of neuronal activity. For example, a huge effort has been done to further improve the optogenetics’ toolbox as well as the variety of calcium indicators. In fact, many variants of opsins (Lin, 2011; Lin et al., 2013) and calcium dyes (Zhao et al., 2011) have been developed. Currently, attention is focused on the development of red-shifted calcium indicators (Wu et al., 2013; Rose et al., 2014) that, unlike the blue emitting indicators: (1) can be expressed together with ChR2 or blue-emitting calcium indicators allowing multi-labeling without the risk of spectra overlapping; and (2) are characterized by reduced light scattering, thus giving higher tissue penetration with reduced excitation power. However, kinetics and spectral response remain to be improved.

A new frontier in deep brain stimulation using light is presented in the paper of Chen and colleagues where they have demonstrated the ability to perform deep brain stimulation using upconversion nanoparticles (UCNPs) (Chen et al., 2018). UCNPs are specialized nanoparticles able to upconvert the absorbed near-infrared (NIR) light to visible blue light. Innovative is the attempt to solve the invasiveness of inserting a laser in the brain to activate light-sensitive channels: targeted deep brain areas can be non-invasively stimulated through tissue-penetrating NIR light shined from outside the brain. Further, transgenic rodents have been generated to guarantee the cell-type specific expression of opsins (Zhao et al., 2011; Madisen et al., 2012) as well as of GECIs (Dana et al., 2014; Sato et al., 2015). The use of transgenic lines helps to overcome limitations characterizing the viral expression systems where gene delivery is mediated via brain injection of a viral vector, such as limited labeling of target neurons and problematic access of the virus to determined brain areas. Additionally, a more stable, reproducible and homogeneous expression over a longer period of time can be achieved. Even if these techniques are continuously improved as new technologies arise, there are still a few technical issues affecting multimodal imaging that need to be addressed in the near future to allow remarkable steps forward in the field of small animal imaging.
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Aims: To construct an automatic method for individual parcellation of manganese-enhanced magnetic resonance imaging (MEMRI) of rat brain with high accuracy, which could preserve the inherent voxel intensity and Regions of interest (ROI) morphological characteristics simultaneously.

Methods and results: The transformation relationship from standardized space to individual space was obtained by firstly normalizing individual image to the Paxinos space and then inversely transformed. On the other hand, all the regions defined in the atlas image were separated and resaved as binary mask images. Then, transforming the mask images into individual space via the inverse transformations and reslicing using the 4th B-spline interpolation algorithm. The boundary of these transformed regions was further refined by image erosion and expansion operator, and finally combined together to generate the individual parcellations. Moreover, two groups of MEMRI images were used for evaluation. We found that the individual parcellations were satisfied, and the inherent image intensity was preserved. The statistical significance of case-control comparisons was further optimized.

Conclusions: We have constructed a new automatic method for individual parcellation of rat brain MEMRI images, which could preserve the inherent voxel intensity and further be beneficial in case-control statistical analyses. This method could also be extended to other imaging modalities, even other experiments species. It would facilitate the accuracy and significance of ROI-based imaging analyses.

KEYWORDS
  individual parcellations, ROI-based analysis, manganese-enhanced magnetic resonance imaging (MEMRI), rat brain, stereotaxic template set


Introduction

Numerous studies have demonstrated the usefulness of magnetic resonance imaging (MRI) techniques in animal experiments, which is important for pathogenesis researches, drug developments, and so on (Bible et al., 2012; Kim et al., 2012; Wang et al., 2012, 2018; Li et al., 2015; Liang et al., 2020; Tu et al., 2020). Manganese-enhanced MRI (MEMRI), a new MRI technique, could detect the active neurons and trace neuronal pathway by monitoring manganese ions (Mn2+) in vivo (Aoki et al., 2004; Koretsky and Silva, 2004). By tracing the deposition of Mn2+, the active neurons would have high voxel intensity in MEMRI images, while other voxels have low intensity. Recently, the MEMRI technique has been widely used in various studies of the rodent brain (Ho et al., 2018; Perez et al., 2018; Gimenes et al., 2019; Yang et al., 2020; Bearer et al., 2022).

Imaging analysis is a prerequisite in MEMRI studies for quantitative interpretations of neuronal dysfunctions. Regions of interests (ROIs)-based analysis is one of the most frequently used methods in rat brain MEMRI studies (Spurny et al., 2019). Similar to other modalities of MRI, by spatially normalizing individual MEMRI images into a standard space, ROIs could be extracted via a corresponding atlas image automatically (Nie et al., 2013; Barriere et al., 2019). However, it has been found in functional studies that the brain sub-regions vary across individuals (Chong et al., 2017; Salehi et al., 2020; Reijonen et al., 2021). Moreover, because of image interpolations and transformations in spatial normalization, the inherent MEMRI intensity would be confused by adjacent voxels inevitably (Ashburner and Friston, 1999; Zhilkin and Alexander, 2004). Especially, the voxel intensity of active neurons would be affected, even decreased, by adjacent un-activated neurons, and the statistical significance of case-control studies would further be affected (Lv et al., 2021).

Alternatively, manually tracing ROIs in individual images is another important method in MEMRI studies, which could avoid the influences of image normalization and preserve the inherent voxel intensity (Jackson et al., 2011). However, this method has many disadvantages, such as low accuracy, labor-intensive, subjective and poor robustness, and so on. Therefore, it would be highly desirable to develop an automatic method for ROI parcellations in individual space of MEMRI images of rat brain.

In addition, more than a decade ago, our lab had constructed an automatic atlas-based method for tracing ROIs in individual space by registering the template images to individuals (Nie et al., 2010). However, as the resolution of individual images was often lower than the template, the accuracy of this image registration was always lower than spatial normalization, so that the subtle ROIs were hard to trace out precisely.

Therefore, the current study was aimed to introduce a new automatic method for individual parcellation of MEMRI images of rat brain with high accuracy, and both the inherent voxel intensity and ROI morphological characteristics could be preserved simultaneously. For evaluation, individual parcellations were performed on two groups of T2-weighted (T2WI) and MEMRI images, and further comparing with the parcellations in standardized space. Moreover, the method constructed in this study was packaged and available by contacting the corresponding author at niebb@ihep.ac.cn.



Materials and methods


The individual parcellation method

Parcellation of rat brain images in individual space could preserve the inherent voxel intensity and ROI morphological characteristics, which would further improve the statistical sensitivity in ROI-based analyses. The automatic individual parcellation method was performed based on the stereotaxic template sets of rat brain in Paxinos space (Liang et al., 2017). The flow chart was shown in Figure 1 and detailed as follows.


[image: Figure 1]
FIGURE 1
 Flow chart for creating individual parcellations of manganese-enhanced magnetic resonance imaging (MEMRI) image of rat brain. Step 1: The individual MEMRI image was registered into Paxinos space either by affine/nonlinear transformations based on the MEMRI template image (Step 1a), or by DARTEL algorithm based on the tissue probability maps (TPM) (Step 1b), and the transformation matrix/deformation field was obtained, named as Matrixsn/Deformy. Inverse transformation of the Matrixsn/Deformy was then calculated, named InvMatrixsn/InvDeformy. Step 2: All the regions of interests (ROIs) defined in atlas images in Paxinos space were firstly separated and resaved as single-ROI mask images. Step 3: The separated ROI mask images were transformed into individual space via the InvMatrixsn/InvDeformy using 4th B-spline interpolation algorithm. The contour of each transformed ROI was identified and further refined by image erosion and expansion operator. Then, each refined ROI was given a unique integer as an index and then combined into a new atlas image. This combined atlas image was the final individual parcellations of MEMRI images.


Firstly, the spatial transformation from individual space to Paxinos space was calculated by registering the MEMRI image to the stereotaxic template. This registration could be performed either by affine/nonlinear transformations based on the MEMRI template image (Figure 1-Step 1a) (Ashburner and Friston, 1999; Zhilkin and Alexander, 2004), or by DARTEL (diffeomorphic anatomical registration through exponentiated lie) algorithm (Mak et al., 2011) based on the tissue probability maps (TPM) (Figure 1-Step 1b). A transformation matrix was obtained via template way, named Matrixsn, while a deformation field was obtained via TPM way, named Deformy. The inverse transformation of Matrixsn or Deformy was then calculated to obtain the spatial transformation from Paxinos space to individual space (Ashburner et al., 2000), and saved as InvMatrixsn or InvDeformy.

On the other hand, the atlas images in Paxinos space were preprocessed prior to registering with an individual image (Figure 1-Step 2). To avoid the influences between adjacent regions, all the ROIs defined in the atlas image were separated and resaved as single-ROI mask images. In another word, each ROI was resaved as a 3D binary image, and the image intensity of voxels inside the ROI was assigned 1 and outside was 0.

Finally, transforming the atlas images into individual space to create the parcellation of individual image (Figure 1-Step 3). In detail, all the separated ROI mask images were registered with individual image via the InvMatrixsn/InvDeformy using the 4th B-spline interpolation algorithm. Then, the ROI contour of each registered mask image was identified, and further refined by image erosion and dilation using a disc operator with one voxel radius. Next, each refined ROI was given a unique integer as an index. At last, all the reassigned ROIs were combined together to generate the final individual parcellation image.



Animals and MRI data acquisition for evaluation

Five healthy adult Sprague–Dawley (SD) rats (male, 5; age, 10–11 week old; weight, 250–300 g) and ten modal rats with smell damage (male, 10; age, 10–11 week old; and weight, 250–300 g) were used for method evaluation.

During MRI scan, all rats were anesthetized using inhaled isoflurane/O2 (3% for induction and 1.5–2% for maintenance), and prostrated on a custom-made holder to minimize head motion while respiration was monitored at a rate of 50 breaths per min. For MEMRI study, all these rats were injected with manganese chloride (MnCl2·4H2O, Bio Basic Inc., Canada) dissolved in bicine [di(hydroxyethyl)glycine, Sigma-Ulrich, UK] buffer pH 7.4 in doses of 13.95 mg/kg for continuous 7 days (Tang et al., 2016).

All datasets were acquired on a 7.0T animal MRI scanner (70/16 PharmaScan, Bruker Biospin GmbH, Germany) in Nanjing, using a 38-mm birdcage rat brain quadrature resonator for radiofrequency transmission and receiving. T2-weighted (T2WI) data were obtained with a RARE sequence (RARE factor = 8, TR = 10493 ms, TE = 36 ms, matrix size 256*256*90, voxel size 0.14*0.14*0.3 mm, no slice gap). MEMRI data were obtained right after the last injection with a RAREVTR sequence (TR = 5500 ms, TE = 8 ms, matrix size 256*192*22, voxel size 0.14*0.18*1.2 mm3, no slice gap) for six repetitions. All the Bruker original images were converted to DICOM format with programs (Paravision 5.0) in the scanner. All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Jiang Su Animal Care and Use Committee.



Generation of individual parcellations of T2WI images

All the fifteen T2WI images were inspected and found equally of high quality in terms of the image contrast, noise level, and resolution. Firstly, all the individual T2WI images were registered into Paxinos space using DARTEL algorithm, and the corresponding Deformy of each rat was obtained. Then, all the Deformy were inversely transformed, and the corresponding InvDeformy of each rat was obtained. On the other hand, 66 functional ROIs defined in the 3D atlas image in Paxinos space were separated and resaved into 66 binary mask images. Next, all the 66 mask images were registered with each T2WI image via the corresponding InvDeformy repetitively using the 4th B-spline interpolation algorithm. Each registered ROI contour was identified and further refined. Finally, each refined ROI was given a unique integer as an index and combined together to generate the individual parcellations of each T2WI image.



Generation of individual parcellations of MEMRI images

All the fifteen MEMRI images were also inspected and found equally of high quality in terms of the image contrast, noise level, and resolution. Firstly, the MEMRI image series were realigned to remove the head movement, and a mean MEMRI image was created over the six realigned volumes. Next, the mean MEMRI image was registered into Paxinos space via the MEMRI template image of rat brain, and the corresponding Matrixsn of each rat was obtained. Then, all the Matrixsn were inversely transformed, and the corresponding InvMatrixsn of each rat was obtained. The preprocessing of the atlas image was the same with Section Generation of individual parcellations of T2WI images. Then, all the preprocessed ROI mask images were registered with individual mean MEMRI images via InvMatrixsn, and the contour was refined. Finally, each refined ROI was given a unique integer as an index and combined together to generate the individual parcellations of each MEMRI image.



Statistical analysis of MEMRI images

For qualitative evaluation of the individual parcellations, the mean MEMRI values in dentate gyrus (DG) and hippocampus (Hip) of all the fifteen rats were extracted in individual space, respectively, and the time courses of each rat were plotted out. For qualitative comparison, all the fifteen MEMRI images were also normalized into the Paxinos space via the corresponding Matrixsn using the 4th B-spline interpolation algorithm, and resliced to 1*1*1.5 mm3 (after zooming). The mean values in DG and Hip of normalized MEMRI images were also extracted and plotted out.

For quantitative evaluation of the individual parcellations, the mean values of the first MEMRI volume in DG and Hip were analyzed using SPSS software, version 19.0 (SPSS Inc. IBM, Armonk, NY, USA). The mean MEMRI values in ten modal and five healthy rats were compared by two-sample t-tests. Statistical significance was defined as a p < 0.05.

Furthermore, the accuracy of the individual parcellations was evaluated by a spatial index, named Dice similarity coefficient (Dice). It describes the similarity of the volume and position between the MEMRI image (MEMRI) and its corresponding individual parcellation image (Parcellation), named DiceMePa, as shown in Equation (1).

[image: image]

The derivation of the Dice is detailed previously (Gutierrez and Zaidi, 2012). The excellent agreement value of Dice is more than 80%. For comparison, the Dice was calculated between the template image and normalized MEMRI image, which was regarded as the golden standard, named DiceTempMe. Moreover, the previous method proposed by our group was also executed (Nie et al., 2010). In detail, each individual MEMRI image was selected as the reference, and the template image was transformed to register with it. And the Dice between the MEMRI image and registered template image was also calculated, named DiceMeTemp.




Results


Individual parcellations of MRI images

The individual parcellations of MRI images were shown in Figure 2. Two rats of T2WI images (Figure 2A) or MEMRI images (Figure 2B) were randomly selected. The individual parcellations were shown in color scale, while the MRI images were in gray scale. A 3D surface of individual parcellations was shown to the left, while three coronal slices were shown to the right. The individual parcellations were superimposed on the corresponding T2WI image (Figure 2A), or mean intracranial MEMRI image (Figure 2B). As illustrated in Figure 2, the parcellations were registered into the individual space accurately.


[image: Figure 2]
FIGURE 2
 Qualitative evaluation of the individual parcellations of (A) T2WI images and (B) intercranial mean MEMRI images of rat brain. Four rats were randomly selected. Right side of the individual parcellations was shown in color scaled and superimposed on the corresponding MRI image. The T2WI/MEMRI MRI images were shown in gray scaled as background.




Quantitative evaluation of individual parcellations of MEMRI images

The evaluation of individual parcellations of two randomly selected MEMRI images was shown in Figure 3. Unilateral DG and Hip were superimposed on the first volume of MEMRI images (Figures 3A,B). The MEMRI time course in individual space was plotted out in blue color, while it in Paxinos space was in green (Figures 3C,D). As illustrated in Figure 3, although the downtrend of time courses was similar, the MEMRI voxel intensity in individual space was always higher than it in standardized space. It could be speculated that the inherent MEMRI signal could be persevered by individual parcellations.


[image: Figure 3]
FIGURE 3
 Quantitative evaluation of the individual parcellations of MEMRI images of (A,C) a modal rat and (B,D) a healthy rat. The individual parcellations were shown in color scaled in which the right dentate gyrus was yellow and the right hippocampus was red. The MEMRI images were shown in gray scaled as background. Based on the individual parcellations, the mean MEMRI signal in each ROI was extracted and the curve is shown in blue color (C,D). As a comparison, the MEMRI images of these two rats were also standardized into Paxinos space, and the mean signal in each ROI was then extracted based on the atlas in Paxinos space. The signal curve extracted in traditional way was shown in green color (C,D).


The Dice similarity coefficients between the reference images and transformed images were listed in Table 1. The DiceTempMe between the template image and normalized MEMRI image was selected as the golden standard. As illustrated in Table 1, all the Dice coefficients were bigger than 80%. Compared with the DiceMeTemp, the accuracy proposed in this study was higher.


TABLE 1 Volumetric and spatial correspondence measures.
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Statistical analysis of MEMRI images

The individual parcellations of MEMRI images were further applicate in ROI-based analyses of case-control studies. The statistical results were shown in Figure 4. The MEMRI signal of each group was presented as mean ± SD (standard deviation). The MEMRI signal in modal rats is significantly lower than the healthy rats in both DG (p < 0.001) and Hip (p < 0.05). Further studies of neural mechanisms would report in our coming article.


[image: Figure 4]
FIGURE 4
 Regions of interest-based quantitative analysis results of MEMRI images between modal and healthy rats. The mean MEMRI signal in bilateral dentate gyrus (purple) and hippocampus (red) were shown as mean ± SE. **p < 0.001; *p < 0.05; DG, dentate gyrus; Hip, hippocampus.





Discussion

In this study, the new automatic method for individual parcellation of rat brain MEMRI images was constructed. In our proposed procedure, the individual MEMRI images were remained untransformed, so the inherent voxel intensity could be preserved. It would further be beneficial to case-control ROI-based statistical analyses.

Compared with our previous work, the individual parcellation method proposed in this study could perform more precisely. Firstly, in this study, widespread image registration methods were adopted. Especially, by DARTEL algorithm, individual images could be normalized into the template space via a set of tissue probability maps iteratively (Zhang et al., 2022). However, it couldn't be adopted by our previous work, for the lacking of tissue probability maps in individual space. Therefore, although the DARTEL algorithm has been recognized as a more accurate method, it couldn't be used in transforming the standard space to an individual space. On the other hand, the template has also been regarded as a representative image, so transforming the individual image to register with the template would have higher accuracy.

In spatial normalization, the MEMRI images could be firstly normalized into the standardized space via both template way and DARTEL way, that there was also a preferential suggestion. When the individual MRI image has a nearly isotropic resolution, the DARTEL algorithm would perform better than the template way. Otherwise, the template-based method would be more suitable, for its higher arithmetic speed. In the current study, the time course of MEMEI was preferentially considered, so the image resolution was not better enough to use the DARTEL way. Therefore, for demonstration, the MEMRI images were performed in the template way, while the corresponding T2WI structural images were in the DARTEL way.

The parcellation boundary is a problem when transforming the atlas image. Traditionally, in order to protect the ROI index, the nearest neighbor interpolation method was frequently used in atlas image transformations, so that the parcellation boundary was always dentate. To address this issue, we separated all the ROIs into a new binary mask image prior to transformation, and the 4th B-spline interpolation method was chosen. Moreover, the transformed boundary was further refined by erosion and expansion operators after transformation. By this strategy, our parcellation boundary in individual space would be smooth.

The usage and accuracy of a newly developed method are always evaluated by applications in various studies. In this study, a group of modal rats with smell damage was used, and two representative ROIs were selected. As demonstrated in the figures, compared with parcellations in standardized space, the inherent MEMRI intensity could be preserved in individual space, which was in line with the previous studies (Salehi et al., 2020; Reijonen et al., 2021; Wang et al., 2021). Image interpolation is ineluctable in image registration. However, the enhanced voxels are always subtle in MEMRI images, which would be influenced by adjacent un-enhanced voxels in image interpolation. Therefore, the image intensity in standard space is always lower than individual space. Moreover, although the downtrend of MEMRI time courses was similar, the slope is different.

Actually, the individual parcellation method proposed in this study could be applied to other imaging modalities of rat brain studies, such as functional MRI (fMRI), positron emission tomography (PET), diffusion tensor imaging (DTI), and so on. The operation was similar to MEMRI studies, except for choosing the corresponding modality template image (Figure 1-Step 1a). If the DARTEL algorithm was chosen (Figure 1-Step 1b), all the operations were the same with MEMRI studies.

Moreover, this method could also be generalized in data analyses of other species as long as there is a stereotaxic template set, such as human beings, monkeys, mice, tree shrews, and so on. In our released package, these species were all included based on our previous works of stereotaxic templates constructions.

Finally, there are some notes that should be pointed out. Firstly, the individual parcellations would be inaccurate if the corresponding image could not be successfully registered into the standardized space. Secondly, the origin of individual images should be manually set to the same point as template, such as the D3V in rat brain studies (Nie et al., 2013). Thirdly, in rodent brain studies, the image voxel size should be enlarged ten times before spatial normalization. Finally, this individual parcellation method was not suitable in cerebral tumor or infarction imaging studies. Because the sub-anatomical structures are deformed, the traditional template or TPM cannot register the image into standardized space accurately.



Conclusions

In this study, we have constructed a new automatic method for individual parcellation of rat brain MEMRI images, which could preserve the inherent voxel intensity and further be beneficial to case-control statistical analyses. This method could also be extended to other imaging modalities, even other experiments species. It would facilitate the accuracy and significance of ROI-based imaging analyses.
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Memory loss and aberrant neuronal network activity are part of the earliest hallmarks of Alzheimer’s disease (AD). Electroacupuncture (EA) has been recognized as a cognitive stimulation for its effects on memory disorder, but whether different brain regions or neural circuits contribute to memory recovery in AD remains unknown. Here, we found that memory deficit was ameliorated in 3×Tg-AD mice with EA-treatment, as shown by the increased number of exploring and time spent in the novel object. In addition, reduced locomotor activity was observed in 3×Tg-AD mice, but no significant alteration was seen in the EA-treated mice. Based on the functional magnetic resonance imaging, the regional spontaneous activity alterations of 3×Tg-AD were mainly concentrated in the accumbens nucleus, auditory cortex, caudate putamen, entorhinal cortex (EC), hippocampus, insular cortex, subiculum, temporal cortex, visual cortex, and so on. While EA-treatment prevented the chaos of brain activity in parts of the above regions, such as the auditory cortex, EC, hippocampus, subiculum, and temporal cortex. And then we used the whole-cell voltage-clamp recording to reveal the neurotransmission in the hippocampus, and found that EA-treatment reversed the synaptic spontaneous release. Since the hippocampus receives most of the projections of the EC, the hippocampus-EC circuit is one of the neural circuits related to memory impairment. We further applied diffusion tensor imaging (DTI) tracking and functional connectivity, and found that hypo-connected between the hippocampus and EC with EA-treatment. These data indicate that the hippocampus–EC connectivity is responsible for the recognition memory deficit in the AD mice with EA-treatment, and provide novel insight into potential therapies for memory loss in AD.
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Introduction

Alzheimer’s disease (AD), the most common cause of dementia, is a progressive neurologic disorder that irreversible anatomical, cognitive, and behavioral deficits leading to affect a person’s ability to function independently. As the disease processes, patients present with varying manifestations of cognitive decline including memory loss, thinking, reasoning skills, and language impairment (Wattmo and Wallin, 2017; Kamiya et al., 2018; Lane et al., 2018). The memory problem is a core symptom, notably, recognition memory is one of the first warning signatures of AD (Russo et al., 2017; Goldstein et al., 2019). Although there is no currently approved cure for AD, promising treatments emerge including trials aimed at preventing memory loss in early AD.

Increasing clinical and experimental studies have confirmed the efficacy of electroacupuncture (EA) on cognitive dysfunction (Wang et al., 2020; Yu et al., 2020; Yin et al., 2022). EA has been recognized as a crucial treatment in traditional Chinese medicine (TCM), which applies the inserted needles with an electric stimulating current to the acupoints. Clinical trials have shown that EA-treatment improved cognitive outcomes in early and mid-stage AD patients, and notably on memory function in AD prodromal patients (Deng and Wang, 2016; Jia et al., 2017; Lin et al., 2022). A review summarized that EA at acupoints such as Baihui (DU20), Shenting (DU24), and Neiguan (PC6) effectively improve the score of cognitive tests in patients with cognitive impairment, respectively (Yin et al., 2021). Our previous clinical study showed that EA at DU20/DU24 could effectively improve the score of MMSE and MoCA in patients with cognitive impairment (Jiang et al., 2016). Furthermore, animal studies also demonstrated altered behaviors in memory-loss rodents after EA-treatment (Huang et al., 2016). It has been described possible potential mechanisms such as regulation of synaptic plasticity and neuroinflammation in rodent models of AD. Besides, synaptic dysfunction is thought to lead to a chaos of functional brain activity in early AD (Sperling et al., 2011). Previous clinical and animal studies reported that EA-induced cognitive enhancement is closely related to the hippocampus (Hip) (Wang et al., 2014; Zheng et al., 2018, 2021; Li et al., 2021). Moreover, it could be speculated that in addition to hippocampal synaptic plasticity, EA-treatment could have other neuromodulation mechanisms that regulate memory function.

Compelling evidence demonstrated that altered recognition memory in both cognitive impairment patients and animals is potentially associated with changes in regional spontaneous activities and neural connectivity, including the hippocampal-cortex network (Matura et al., 2014; De Marco et al., 2017; Tanimizu et al., 2018; Salimi et al., 2022). Previous studies found that EA not only increased the neuronal activity of the hippocampus in mild cognitive impairment (MCI) patients but also enhanced the functional connections between brain regions (Tan et al., 2017). In addition to the functional connectivity (FC) and neuronal activity, the neuronal fiber connections revealed by diffusion tensor imaging (DTI) can also reflect the structural connectivity between brain regions. Studies showed that AD patients have lower nerve fiber density in the hippocampus than healthy elderly people, and it is positively correlated with memory behavior (Mayo et al., 2017, 2018). In the AD early stage, a gradual disruption of synapse and neuronal connections appear in parts of the brain regions dedicated to object recognition memory, particularly the entorhinal cortex (EC) and Hip (Braak et al., 2011). Evidence showed that functional and structural alterations in EC and Hip can be suggested as potential biomarkers for early AD (Devanand et al., 2007). Generally accepted that the EC–Hip interaction is pivotal for memory processing. However, the role of neuronal activities and neural connectivity alterations in the EC–Hip network in EA-induced memory recovery of AD remains unknown.

Therefore, the objective of the present study was to elucidate a comprehensive mechanism for the effects of EA on recognition memory deficits in AD. We hypothesized that EA treatment can regulate neuronal activities and neural connectivity in the EC–Hip network, and improve recognition memory. In this study, the open field test (OFT) and novel object recognition test (NORT) were performed after treatment, according to the time point of memory enhancement by EA-treatment in previous animal studies. We then employed 7.0 T resting-state functional magnetic resonance imaging (rs-fMRI) to observe where and to what extent neuronal activities take place in the brain after treatment. The hippocampus, which is thought to be the hub of memory-related networks in AD, showed changes with EA-treatment. To investigate if synaptic neurotransmission of the hippocampus was influenced by the EA-treatment, the spontaneous postsynaptic currents (sEPSC) recording at the hippocampal CA1 was measured. Finally, FC and DTI tracking were applied to detect the connections on hippocampal-related networks. The knowledge on how EA modulates neuronal activities and neural connectivity in AD mice will provide insight toward developing an effective strategy to overcome memory impairments.



Material and methods


Animals

Five months 3×Tg-AD mice and age-matched littermate wildtype-controls were used in the experiments (AD: n = 30, wildtype: n = 10). Male 3×Tg-AD transgenic mice express mutant human APPSwe, human PS1 (M146V) and mutant tau (P301L), thus mimicking pathological features of human AD. The offspring were genotyped by polymerase chain reaction (PCR) analysis using tail DNA to confirm the presence of mutant genes. The mice were housed in cages of up to 5 and kept in the standard environmental conditions, under a 12-h light/dark cycle and room temperature, with food and water provided ad libitum. All procedures using mice were approved by Fujian University of Traditional Chinese Medicine Animal Experiment Ethics Committee and Authority (ethical animal permission no. FJTCM IACUC2019031).



Electroacupuncture stimulation

The homozygous 3×Tg-AD mice were randomly assigned to three groups by the random digital table: EA-treated (EA group), non-acupoint EA-treated (Non-EA group), and control untreated mice (3×Tg AD group), age-matched littermate wildtype-controls was assigned to the WT group. The EA stimulation was performed with a disperse-dense-mode stimulation at an intensity level of 1 mA and a frequency of 1/20 Hz by using a stimulator (model G6805, Suzhou Medical Appliance Factory, Shanghai, China) for 30 min daily, 5 consecutive days weekly, 4 weeks. Before stimulation was initiated, the torso of the mice was fixed to restrict excessive mobility. EA stimulation was applied at either the DU20(Baihui)/DU24(Shenting) or the non-acupoints by inserting the 0.25 × 13 mm stainless steel acupuncture needle (Hwato, China) about 2–3 mm depth in each site. For the EA group, the mice received EA stimulation at DU20 and DU24 acupoints. The DU20 acupoint is located at the midline of the head, approximately midway on the line connecting the apices of the auricles. The DU24 acupoint is located at 2 mm directly above the midpoint of the mouse’s eyes in Supplementary Figure 1A. For the Non-EA group, the EA stimulation was applied at non-acupoints for acupoint control, which were chosen to avoid the DU meridian and nearby acupoints. The bilateral non-acupoints are located at the bilateral hypochondrium, 2 cm above the posterior superior iliac spine and 3 cm lateral to the spine in Supplementary Figure 1B. The mice in the 3×Tg AD group and WT group (littermate controls) were fixed in the same way for 30 min without EA stimulation. The study timeline with all manipulations is presented in Figure 1A.


[image: image]

FIGURE 1
Effect of EA-treatment on locomotor activity in 3×Tg AD mice. (A) A schematic of the experimental design. Quantification of behavioral results in open field test (n = 10 in each group), involving (B) the percentage of time in the central zone, (C) the total distance traveled throughout the field, (D) and the trajectories of mice in the open field. All data represent the mean ± SEM. **P < 0.01; ns, there was no significant difference.




Behavioral and cognitive testing

The locomotor activity was determined by OFT. Recognition memory was assessed in a NORT that involves exploration activity that responds to novelty. The locomotor activity was assessed 1-day post-treatment, and NORT conduct 2-days post-treatment.

All the tests were recorded using a digital USB camera (Super HAD CCD; SONY, Japan). The video tracking was processed using a video tracking system and SuperMaze analysis system (XR-Xmaze, Shanghai Soft maze Information Technology Co., Ltd., China). The testing apparatuses of OFT and NORT were thoroughly cleaned with 10% ethanol between animals. The measurements were carried out in a quiet environment with the background noise controlled at ≤60 dB.



Locomotor activity

After habituation, the animal was placed into one corner of an open field arena (50 × 50 × 40 cm) that was divided into peripheral and central zones, and locomotor activity was measured for 5 min by total distance traveled and time spent in the central zones.


Novel object recognition testing

Novel object recognition test was conducted in the arena where the OFT was performed the day before, and the habituation phase was considered negligible. During the training phase, the animal was familiarized with two identical objects for 10 min, and then was returned to its home cage for 24 h, after which the testing phase took place. During the recognition phase, the animal was placed back into the arena which contain one of familiar objects and a novel object for 10 min. The choice to explore the novel object was considered to be the use of learning and long-term recognition memory. Exploration times and times are counted for the nose/head or paws entering the object area (about 2 cm around the object). The recognition index (time) was calculated as time spent with the novel object/time spent with both objects. The recognition index (number) was calculated as number of exploring the novel object/numbers of exploring both objects ×100.




Magnetic resonance brain imaging protocols

Magnetic resonance imaging was acquired by Bruker 7.0T scanner (MiniMR-60 MRI system 7.0 T), and rs-fMRI and DTI were performed 10-day post-treatment. During the scan, an animal physiological detector (SurgiV et V3395TPR, Smiths Medical, United States) was used to monitor the body temperature, blood oxygen saturation and respiration of mice. The temperature control and ventilation system were used to maintain the stability of the physiological state throughout the experiment. Standardized anesthesia protocols and animal monitoring procedures were administered. Mice were initially anesthetized with 4% isoflurane (RWD, China) in a 1:4 O2 air mixture for 4 min, and then were placed on an MRI-compatible stand equipped with a hot water flow bed to maintain the animal temperature at 36.5 ± 0.5°C throughout the measurements. Mice were immobilized with ear rods and mechanically ventilated by a ventilator at a rate of 80 beats/min at a flow rate of 1.8 ml/min and a flow rate of 0.5-0.75% isoflurane. The blood oxygen saturation was kept above 95% throughout the scan, and the respiratory rate was 80–120 beats/min. Data analysis was performed by an experimenter blind to group information.


Functional magnetic resonance imaging acquisition

The acquisition parameters were as follows: T2-weighted images (T2WI) using TurboRARE sequence: TR/TE = 4,200/35 ms, field of view = 20 × 20 mm, averages = 4, image size = 256 × 256, slices = 30, slice thickness = 0.5 mm; rs-fMRI using an echo-planar imaging (EPI) sequence: TR/TE = 2,000/10.28 ms, field of view = 20 × 20 mm, repetitions = 200, image size = 64 × 64, slices = 30, slice thickness = 0.5 mm. The original image data was exported to DICOM format data by Paravision 6.0.1 software.

The rs-fMRI image data was carried out using Statistical Parametric Mapping (SPM81) and the Data Processing Assistant for Resting-State fMRI (DPARSF2) software package (Wu et al., 2017). For the ReHo data, pre-processed with the following major steps: (1) The data of the first 10 time points were discarded for time calibration. (2) Time-slice correction. (3) Head movement correction. (4) Spatial standardization. (5) Detrend and filter: images were removed linear trend and the 0.01–0.08 Hz frequency band is used to perform time-space mean filtering on the data. The FC data preprocessing process is the same as that of ReHo, but spatial smoothing is performed in advance. Where the head movement translation is greater than 1.5 mm or the rotation angle exceeds 1.5°, the data is rejected.



ReHo analysis

ReHo is a local measure of the temporal similarity between a particular voxel and its neighbors, and is used to assess the strength of functional synchronization in local brain regions (Zang et al., 2004). Use Kendall’s coefficient of concordance (KCC) to define the ReHo value of the center voxel. Individual ReHo maps were generated by calculating the KCC value of the time series for a given voxel with its nearest neighbors, and smoothened by Gaussian kernel with a 1.5× voxel size Full Width of Half Maximum (FWHM) to improve the signal-to-noise ratio (SNR) for further statistical analysis. Voxel-wise statistics were performed with one-way analysis of variance (ANOVA) to determine the difference among all groups. The threshold for statistical significance was set at P = 0.005.



Seed-to-seed functional connectivity

According to the analysis results of ReHo, the bilateral EC and hippocampus were selected as regions of interest (ROIs). The average time series of the time series of all voxels in the region of interest was extracted, and then the correlation coefficient of the time series of signals between the EC and the hippocampus was calculated to obtain the FC strength, which was subjected to one-way ANOVA.



Diffusion tensor image acquisition

Diffusion tensor image scanning equipment and environment are the same as those of resting-state imaging. Unlike the resting-state imaging scans, the ventilator was mechanically ventilated at a rate of 80 beats/min with a flow rate of 3 ml/min and a flow rate of 1–1.5% isoflurane. The blood oxygen saturation was kept above 95% throughout the scan, and the respiratory rate was controlled at 60–90 beats/min to reduce head movement.

The acquisition parameters were as follows: a standard gradient-echo echo planar imaging sequence was used: TR = 12,000 ms, TE = 33 ms, averages = 2, FOV = 20 mm × 20 mm, image size = 96 × 96, slices = 30, slice thickness = 0.5 mm, b values = 1,000 s/mm2, number of diffusion directions = 30.

DICOM format data was converted to NIfTI format data by MRIcron software. Fiber tracking was performed using the TrackVis image processing software and the FACT algorithm. By registering the mouse standard brain template to the b0 image, the conversion relationship from standard space to individual space is obtained. Using this transformation relationship, the mask images of the bilateral EC and bilateral hippocampus in the Paxinos atlas space were transformed into the individual space, that is, the corresponding EC and hippocampus mask images of each mouse individual space were obtained. They were then identified as ROIs, and the number of nerve fibers between the two ROIs in each group of mice was measured. The statistical analysis of nerve fibers among groups was subjected to one-way ANOVA.




Patch-clamp recordings

Mice were deeply anesthetized with isoflurane (RWD, China) and the brains were rapidly removed. The brain was placed in ice-cold artificial cerebrospinal fluid (ACSF) saturated with an oxygen gas mixture (95% O2 + 5% CO2) for 30 s. ACSF main components (in mM): 124 NaCl, 3.3 KCl, 1.2 KH2PO4, 26 NaHCO3, 2.5 CaCl2, 1.2 MgSO4, 10 glucose (pH = 7.3). Coronal slices of 400 μm were cut with a vibrating slicer (VT 1000s; Leica) and kept at 20–25°C in ACSF saturated with 95% O2/5% CO2 for at least 1 h before recording.

The deep layer neurons in hippocampal CA1 neurons were viewed under a Nikon microscope equipped with a 40× water immersion objective and a high-performance charge-coupled device camera. The pipette (6–9 MΩ) was filled with an internal solution (in mM, 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 Na HCO3, 5 HEPES, 12.5 D-glucose, 2.0 CaCl2, 1.5 MgSO4, QX-314 1.5 mmol/L). GABA receptor blocker (picrotoxin, 50 μM, Sigma) was added to the perfused ACSF. The sEPSC recordings were made at a holding membrane potential of −70 mV. Voltage and currents were recorded with a 700A Axon patch amplifier (Axon Instruments, United States). Data were digitized (Digidata 1322 digitizer; Molecular Devices, United States) and stored (Clampfit, version 10.6, Axon, United States). Off-line data of sEPSC analysis was performed using the Mini Analysis software (6.0, Synaptosoft, United States) and Origin 8.0 (OriginLab Corporation, United States). The amplitude and frequency of sEPSC were analyzed.



Statistical analysis

The data are presented as the mean ± standard error of mean (SEM). To compare discrepancies among groups, data from behavioral tests and sEPSC were performed statistical analysis by one-way ANOVA using SPSS 26.0, followed by the post hoc test. If the variances were homogeneous, the Turkey-Kramer HSD test was used as a post hoc test. If the variances were not homogeneous, the Dunnett’s T3 test was used as a post hoc test. The data from ReHo, FC and DTI were tested for correlations with ORT data using Pearson linear regression analysis, respectively. P < 0.05 was considered statistically significant.




Results


Effects of the electroacupuncture treatment on behavioral and cognitive impairments

As shown in Figure 1, the results obtained in the OFT 1-day post-treatment revealed a significant difference in the wildtype-control mice and untreated 3×Tg-AD mice. There was no significant difference between the untreated and treated 3×Tg-AD mice in exploratory activities, even EA or Non-EA treatment.

Analysis of recognition memory in the NORT performed 2–3-days post-treatment is summarized in Figure 2. The exploratory activity of the 3×Tg-AD mice was reduced, including the total time spent exploring and the total number of visits to both objects (Figures 2A,B). However, EA or Non-EA treatment did not affect it, supporting the results obtained in the OFT. As observed in a representative tracking figure during the test probe (Figure 2E), the wildtype-control mice remained for a longer period close to the novel object as compared with that of the untreated 3×Tg-AD mice. The time spent exploring the novel object and the number of visits presented a tendency to ameliorate with the EA-treatment. Furthermore, differences between the untreated and EA-treated 3×Tg-AD mice were significant but Non-EA-treatment presented no difference in the recognition indexes, which were calculated from the total time spent exploring two objects and the number of visits (Figures 2C,D).
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FIGURE 2
Effect of EA-treatment on recognition memory in 3×Tg-AD mice. Quantification of exploratory activity in ORT (n = 10 in each group), involving (A) the total time spent exploring, and (B) the total number of visits to both objects. Quantification of recognition memory, involving (C) the recognition index of time, (D) and the recognition index of number during probe test. (E) The trajectories of mice during probe test in the ORT. All data represent the mean ± SEM. *P < 0.05; **P < 0.01; ns, there was no significant difference.




Effects of the electroacupuncture treatment on regional spontaneous activity

Accompanied by cognitive alterations, ReHo value showed that there were brain region changes in untreated 3×Tg-AD mice compared to wildtype-control mice. A decreased regional spontaneous activity could be observed in untreated 3×Tg-AD mice in the accumbens nucleus, amygdala, anterior olfactory nucleus, auditory cortex, caudate putamen, EC, hippocampus, insular cortex, orbital cortex, piriform cortex, septal, somatosensory cortex, subiculum, temporal cortex, and visual cortex (Figure 3A).
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FIGURE 3
Effects of the EA-treatment on regional spontaneous activity. (A) Regions manifesting significant ReHo value differences between 3×Tg-AD mice and wildtype-control mice (blue, 3×Tg-AD < wildtype-control; color bar represents significance of difference), (B) between EA-treated and untreated 3×Tg-AD mice (red, untreated 3×Tg-AD < EA-treated; color bar represents significance of difference), and (C) between Non-EA-treated and untreated 3×Tg-AD mice (red, untreated 3×Tg-AD < Non-EA-treated; color bar represents significance of difference). EC, entorhinal cortex; HIP, hippocampus; Pir, piriform cortex; CPu, caudate putamen; OC, orbital cortex; IC, insular cortex; SC, somatosensory cortex; SN, substantia nigra.


Compared to untreated 3×Tg-AD mice, EA-treated 3×Tg-AD mice showed an increased regional spontaneous activity in the amygdala, auditory cortex, DG, dorsal raphe nucleus, EC, hippocampus, somatosensory cortex, subiculum, substantia nigra, temporal cortex, and ventral tegmental area (Figure 3B). Besides, Non-EA-treated 3×Tg-AD mice showed an increased regional spontaneous activity in the caudate putamen, insular cortex, motor cortex, orbital cortex, piriform cortex, and somatosensory cortex (Figure 3C). These results could be concluded that AD-induced chaos of brain function was attenuated by EA-treatment, which brain regions including the auditory cortex, EC, hippocampus, subiculum, and temporal cortex.



Effects of the electroacupuncture treatment on hippocampal synaptic neurotransmission

The hippocampus, which is thought to be the hub of memory-related networks in AD mice, showed changes with EA-treatment. To investigate if synaptic neurotransmission of the hippocampus was influenced by the EA-treatment, we performed the whole-cell voltage-clamp recording. We compared the postsynaptic sEPSC between the 3×Tg-AD mice and wildtype-control mice by recording from hippocampus CA1, and found a significantly decreased sEPSC in the 3×Tg-AD mice, which suggested an enhanced spontaneous release of the neurotransmitter at the hippocampal terminals (Figure 4). And there was a significant difference between EA-treated and untreated 3×Tg-AD mice in the postsynaptic sEPSC of hippocampus CA1 (Figure 4), but Non-EA treatment does not affect it. The results suggested that the spontaneous release of the neurotransmitter was rescued with EA-treatment in 3×Tg-AD mice.
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FIGURE 4
Effects of the EA-treatment on hippocampal synaptic neurotransmission. (A) Representative sEPSC traces of hippocampal CA1 from all mice by whole-cell voltage-clamp recording (n = 5 in each group). (B) The amplitude of sEPSC, and (C) the frequency of spontaneous firing of hippocampal CA1 were analyzed. Data are presented as the mean ± SEM. **P < 0.01.




Recognition memory is correlated with aberrant ReHo across the hippocampus and entorhinal cortex

Previous studies have shown that 3×Tg-AD mice exhibit an accumulation of pathological inclusions and alterations of regional spontaneous activity in the hippocampus and EC. In addition, the hippocampus receives most of the inputs from the EC. Combining the above results, the quantitative analysis demonstrated a significantly positive correlation between differences in recognition index (time/number) and ReHo values of the hippocampus and EC, respectively (Figure 5).
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FIGURE 5
Recognition memory is correlated with aberrant ReHo across the hippocampus and entorhinal cortex. Correlational analysis between the recognition indexes (time/number) and ReHo value obtained from the (A) hippocampus, (B) entorhinal cortex (n = 10 in each group).




Effects of the electroacupuncture treatment on connection between the hippocampus and entorhinal cortex

Based on the above results, we took the hippocampus and EC as ROIs, FC between those was calculated within each mouse, and the mean connectivity values are presented in Figure 6. Compared to wildtype-control mice, decreased connectivity between the hippocampus and EC was observed in untreated 3×Tg-AD mice (Figure 6B). There was significantly increased connectivity with the EA-treatment. Besides, the significantly changed connection showed a difference between EA-treated and Non-EA-treated 3×Tg-AD mice. Figure 6C showed a significantly positive correlation between difference in NORT performance (recognition index of time) and FC strength between the hippocampus and EC.
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FIGURE 6
Effects of the EA-treatment on function connectivity between the hippocampus and entorhinal cortex. (A) Representative location image of hippocampus and entorhinal cortex. (B) Quantification of the function connectivity strength between the hippocampus and entorhinal cortex, (C) and the correlational analysis between the recognition index of time and function connectivity (n = 10 in each group). All data represent the mean ± SEM. *P < 0.05; **P < 0.01.


Furthermore, the number of nerve fiber connections was also tested using DTI fiber tracking. As Figure 7 shown, the wildtype-control mice displayed more nerve fiber between the hippocampus and EC as compared with that of the untreated 3×Tg-AD mice. The number of nerve fiber connections between the hippocampus and EC showed an increase to ameliorate with the EA-treatment (Figure 7B). Difference between the untreated and EA-treated 3×Tg-AD mice was significant, but Non-EA-treatment presented no difference in the nerve fiber connection. Figure 7C showed a significantly positive correlation between difference in NORT performance (recognition index of time) and the number of nerve fiber connections between the hippocampus and EC.
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FIGURE 7
Effects of the EA-treatment on fiber connection between the hippocampus and entorhinal cortex. (A) Representative image of connected nerve fibers between hippocampus and entorhinal cortex in all group. (B) Quantification of the number of nerve fibers connection between the hippocampus and entorhinal cortex, (C) and the correlational analysis between the recognition index of time and the number of nerve fibers connection (n = 10 in each group). All data represent the mean ± SEM. *P < 0.05; **P < 0.01.





Discussion

The current study explored the effects of EA-treatment on recognition memory and neural activity connections in 3×Tg-AD mice. The behavioral test showed that EA-treatment ameliorated recognition memory impairment in 3×Tg-AD mice. The regional homogeneity was measured by rs-fMRI and is known to reflect alterations in local neuronal integration. Our study showed that EA-treatment increased the ReHo value of local neuronal integration in the Hip, EC, and other brain regions. Besides, the local neuronal integration is thought to be caused by synaptic dysfunction in early AD. Further, we observed increased synaptic neurotransmission in hippocampal CA1 with EA-treatment. The EC-Hip is a critical circuit for object recognition memory. Moreover, we demonstrated that EA-induced recognition memory behavior was associated with aberrant local neuronal integration in the Hip and EC. Further analysis revealed that EA-treatment increased FC and the number of nerve fiber connections between the EC and Hip, suggesting hippocampus-cortex network modulation induced by EA.

3×Tg-AD mice express mutant alleles of human APP, PS1, and Tau genes that correspond to the coexistence of most APP and Tau genes in human AD currently found in clinical practice, which simulates the pathological process (Oddo et al., 2003). The mice investigated here in the early AD states, developed memory deficit, together with aberrant local neuronal integration and long-range connectivity (Liu et al., 2018; Manno et al., 2019). In the current study, the results we assessed showed a decrease in locomotor and recognition memory in 3×Tg-AD mice. It can be considered that AD model mice have a deficit in memory encoding and/or storage at this stage, which is consistent with the clinical manifestation of AD patients. Compared with the healthy elderly, in previous studies, it was difficult to establish elaborative encoding of target information or context in the early AD populations (El Haj et al., 2015a,b).

Electroacupuncture treatment is recognized as an effective therapeutic of TCM to alleviate cognitive disorders. Previous animal experiments have suggested that EA-induced neuromodulation in AD model mice included regulation of Aβ protein, tau phosphorylation, neuroinflammation, brain plasticity, neuron apoptosis, mitochondrial activity, and blood–brain barrier function. However, the role of EA-treatment in preventing cognitive impairment in the early AD stage remains unclear. In our studies, we found that EA-treatment was able to improve the object recognition memory in 3×Tg-AD mice, which is in accordance with previous finds (Cai et al., 2019). Meanwhile, there is no alteration in locomotor activity with EA-treatment, which may be attributed to the specific role of acupoints inserted. According to the TCM theory, EA at DU20 and DU24 could enhance brain function and improve cognitive function. Previous clinical trials showed that the combination of DU20 with other acupoints downregulated the level of Aβ and cognitive function in AD patients (Yu et al., 2019). Besides, the role of the specific acupoints could also explain why our results showed no behavioral difference between the EA and Non-EA on AD mice, consistent with our previous studies (Lin et al., 2018; Li et al., 2020).

The synchronized neuronal activities and their network connectivity are essential for memory information transmission and processing, which are affected in AD populations (Uhlhaas and Singer, 2006; Shah et al., 2016). Besides, the Hip is consistently affected by neuronal degeneration, which is the hub of networks responsible for the early memory impairment in AD (Najm et al., 2019; Dong et al., 2021). The effect of EA-treatment on brain regions such as the hippocampus in AD patients has been confirmed to some extent. Clinical trials found significant neuronal activity changes in the right middle cingulate cortex, right inferior frontal gyrus, right hippocampus, and right inferior temporal gyrus of AD patients by EA (Zheng et al., 2018). Besides, our previous study found that EA at DU20 acupoint enhances glucose metabolism in the cortex, hippocampus, and other brain regions of AD mice (Liu et al., 2017). In the present study, our ReHo analysis revealed that EA-treatment increased synchronous activity in the Hip and brain regions (EC, subiculum, temporal cortex) known to be affected in AD patients, which is consistent with previous studies. In addition, brain regions including the subiculum, temporal cortex, and orbitofrontal cortex are closely associated with attention and decision-making, and the subiculum is regulated by the EC-Hip circuit. Moreover, researchers have confirmed the delay-dependent contribution of the CA1 region to object memory (Ásgeirsdóttir et al., 2020; Cinalli, et al., 2020). Our results revealed that spontaneous release of the neurotransmitter was rescued with EA-treatment in 3×Tg-AD mice. To summarize, we can speculate that the hippocampus is a key brain region for EA-treatment to improve memory function in AD model mice.

Furthermore, EC and Hip dysfunction are thought to be possible causes of initial memory symptoms (Van Hoesen et al., 1991). They are the earliest regions affected by AD, and the EC conveys spatial/contextual and object information to the hippocampus (van Strien et al., 2009; Knierim et al., 2014). Previous observations have revealed that coherent oscillatory activity in EC-Hip was correlated with object recognition memory performance (Salimi et al., 2022). Consistent with previous studies, the result in the present study has shown that EC and Hip are correlated with recognition memory performance. The clinical trials found that the connecting fibers between the hippocampus and related brain regions of AD patients were damaged and their functional connection strength decreased, which was closely related to the cognitive decline of AD (Quan et al., 2020; Dautricourt et al., 2021). Moreover, deep brain stimulation at EC affected increased resting-state FC and an obvious information flow from the EC to the Hip (Jiang et al., 2022). We found that the EA-treatment could increase the connecting fibers and functional connection strength between EC and Hip, indicating that the effects of EA-treatment might rely on EC–Hip network modulation mechanisms.

Importantly, there are important limitations and further investigation for the present study. Firstly, given the high incidence and earlier-onset features of AD cases in women, however, only male 3×Tg AD mice were used in our experiments, which limits our interpretation for both sexes. In addition, it is necessary to combine multiple high-resolution methods to detect the roles of different subregions of the hippocampus and EC, and the network connectivity between the hippocampus and other brain regions also needs to be further studied. Moreover, further experiments are necessary to determine the role of the EC -hippocampal circuit in recognition memory deficit in 3×Tg-AD mice with EA-treatment and to investigate the biomolecular mechanism(s) at work.

Conclusively, the data in the present work recapitulated that EA alleviated object recognition memory deficit associated with ameliorated neuronal activities and network connection in the 3×Tg-AD mice model. Our results suggested that the effect of EA- treatment may be dependent on the EC-Hip connection. EA may be a potentially translatable strategy for recognition memory impairment in AD patients.
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Purpose: To evaluate the age-dependent microstructure changes in 5xFAD mice using high-resolution diffusion tensor imaging (DTI).

Methods: The 5xFAD mice at 4, 7.5, and 12 months and the wild-type controls at 4 months were scanned at 9.4T using a 3D echo-planar imaging (EPI) pulse sequence with the isotropic spatial resolution of 100 μm. The b-value was 3000 s/mm2 for all the diffusion MRI scans. The samples were also acquired with a gradient echo pulse sequence at 50 μm isotropic resolution. The microstructure changes were quantified with DTI metrics, including fractional anisotropy (FA) and mean diffusivity (MD). The conventional histology was performed to validate with MRI findings.

Results: The FA values (p = 0.028) showed significant differences in the cortex between wild-type (WT) and 5xFAD mice at 4 months, while hippocampus, anterior commissure, corpus callosum, and fornix showed no significant differences for either FA and MD. FA values of 5xFAD mice gradually decreased in cortex (0.140 ± 0.007 at 4 months, 0.132 ± 0.008 at 7.5 months, 0.126 ± 0.013 at 12 months) and fornix (0.140 ± 0.007 at 4 months, 0.132 ± 0.008 at 7.5 months, 0.126 ± 0.013 at 12 months) with aging. Both FA (p = 0.029) and MD (p = 0.037) demonstrated significant differences in corpus callosum between 4 and 12 months age old. FA and MD were not significantly different in the hippocampus or anterior commissure. The age-dependent microstructure alterations were better captured by FA when compared to MD.

Conclusion: FA showed higher sensitivity to monitor amyloid deposition in 5xFAD mice. DTI may be utilized as a sensitive biomarker to monitor beta-amyloid progression for preclinical studies.
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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia with clinically characterized by age-dependent memory loss and cognitive dysfunction (Bush, 2003; Goedert and Spillantini, 2006). The primary characteristics of AD are the abnormal accumulation of extracellular β-amyloid (Aβ) and intracellular hyperphosphorylated tau proteins (Takahashi et al., 2010; Koss et al., 2016; Wang et al., 2016). Aβ plaque formation is considered as one of the earliest components, starting years, or even decades before clinical symptoms (Busciglio et al., 1995; Bloom, 2014). The capability to monitor the alterations in tissue microstructure caused by the accumulation of Aβ may provide an important biomarker to monitor disease progression or treatment response (Adlard et al., 2014; Thal et al., 2014).

Compared to the conventional volumetric MRI methods, diffusion MRI (dMRI) is more sensitive to the brain microstructural changes and has been widely used for the evaluation of white matter integrity (Bozzali et al., 2002; Mielke et al., 2009; Stebbins and Murphy, 2009; Wang et al., 2019b; Harrison et al., 2020; Veale et al., 2021). Patients with AD showed a significant reduction in the integrity of the associated white matter fiber tracts, including splenium of the corpus callosum, superior longitudinal fasciculus, and cingulum (Rose et al., 2000). Teipel et al. (2012) found a significant reduction of FA and a significant increase of MD in core areas of AD pathology including the corpus callosum, medial and temporal lobes, fornix, cingulate gyrus, precuneus, and prefrontal lobe white matter. The microstructure changes of patients with mild cognitive impairment have also been identified in the hippocampus using dMRI (Kantarci et al., 2005; Veale et al., 2021). More recently, dMRI studies have shown abnormalities in multiple neocortical areas at various stages of AD (Jacobs et al., 2013; Torso et al., 2021).

Despite the knowledge gained from human studies, transgenic animal models are an invaluable tool for studying pathogenic mechanisms and testing therapeutics of AD (Kitazawa et al., 2012; Jankowsky and Zheng, 2017; Sasaguri et al., 2017). The transgenic mouse model, 5xFAD, expresses human APP with three FAD mutations and human PSEN1 with two FAD mutations, and is commonly used to study the mechanisms of AD (Oakley et al., 2006; Forner et al., 2021). In 5xFAD mice, amyloid plaques are first observed between two and four months of age in the cortical layer V and in the subiculum of the hippocampal formation (Oblak et al., 2021). Different MRI techniques have been used to study the brain structure and function of 5xFAD mice (Mlynarik et al., 2012; Igarashi et al., 2020; Jullienne et al., 2022). Manganese-enhanced MRI (MEMRI) has been utilized as an activity-dependent contrast agent. Studies found that manganese could serve as a targeted contrast agent to visualize amyloid plaques in 5xFAD mice (Kim et al., 2021). The structural networks derived from dMRI exhibited higher path lengths in 6-month-old 5xFAD mice compared to controls (Kesler et al., 2018).

The 5xFAD transgenic mice have been acknowledged as a useful model for better understanding the pathogenesis of human AD (Girard et al., 2013). To the best of our knowledge, probing age-dependent tissue microstructure alterations in 5xFAD mice using high-resolution DTI has not been reported. In this study, we compared the microstructure alterations in cortex and hippocampus between wild-type (WT) and 5xFAD mice at 4 months of age. We further investigated the age-dependent microstructural variations in 5xFAD mice at three different ages (4, 7.5, and 12 months) throughout the whole brain (166 regions) (Wang et al., 2018a). The MRI findings were validated with Aβ plaque and NeuN staining.



Materials and methods


Animal preparation

Animal experiments were carried out in compliance with the Indiana University Institutional Animal Care and Use Committee. Six WT/six mice at the age of 4 months and eighteen 5xFAD (Jax #34848) mice at the ages of 4, 7.5, and 12 months (Jackson Laboratory, Bar Harbor, ME, United States) were sacrificed and perfused with the PBS solution. The mouse brains were immersed in buffered formalin for 24 h and then placed in a PBS solution of 0.5% Prohance (Bracco Diagnostics Inc., Princeton, NJ, United States) to shorten T1 and reduce scan time (Wang et al., 2019a).



MRI protocol

MR images of the specimens were acquired on a 30-cm bore 9.4T magnet (Bruker BioSpec 94/30, Billerica, MA, United States) with a maximum gradient strength of 660 mT/m on each axis. A high-sensitivity cryogenic RF surface receive-only coil was used for signal reception (Bruker CryoProbe). A multi-shot 3D EPI pulse sequence was used with the following parameters: matrix size = 180 × 128 × 76, FOV = 18.0 mm × 12.8 mm × 7.6 mm, 100 μm isotropic spatial resolution, TE = 22.3 ms, TR = 100 ms, 61 unique diffusion directions with b-value of 3000 s/mm2 and six non-diffusion-weighted (b0) measurements (Crater et al., 2022). The gradient separation time was 4.4 ms and the diffusion gradient duration time was 9.8 ms.

A 3D gradient echo (GRE) pulse sequence was performed at the spatial resolution of 50 × 50 × 50 μm3 with TE of 12 ms (Wang et al., 2018b). The parameters were as follows: matrix size = 360 × 256 × 152, FOV = 18.0 mm × 12.8 mm × 7.6 mm, flip angle = 45°, bandwidth (BW) = 125 kHz, and TR = 100 ms.



Data processing for diffusion tensor imaging

All the diffusion-weighted images (DWIs) were registered to the baseline images (b0) using linear affine registration. The scalar indices including FA, MD, axial diffusivity (AD), and

radial diffusivity (RD) were calculated based on the DTI model using DSI studio toolbox (Yeh et al., 2010). Each mouse brain was registered to the mouse brain atlas in Waxholm space using the Advanced Normalization Tools (ANTs) and then divided into 166 Region-of-interest (ROIs, Supplementary Figure 1; Wang et al., 2020a). The labels were mapped back to the individual brain space to calculate the values of DTI metrics in each ROI. A one-way analysis of variance (ANOVA) was performed to compare the statistically difference of DTI metrics between B6 and 5xFAD mice at the age of 4 months. To identify the age-dependent microstructure variations of 5xFAD mice, the DTI metrics were also compared at different ages: 4 months vs. 7.5 months, 4 months vs. 12 months. The statistical significance was determined at p < 0.05.



Histology

Histological examinations were performed on the mice brains as previous described (Oblak et al., 2021; Tsai et al., 2021). Thirty micron-thick sections were stained to visualize neuronal cell bodies and beta-amyloid plaques using antibodies directed against NeuN (Abcam #ab104225, 1:1000, Boston, MA) and 6E10 (BioLegend #803001, 1:1000). The slides were imaged using Leica DVM6 digital microscope.




Results

Figure 1 illustrates the T2*-weighted images of WT mice at 4 months and 5xFAD at different ages (4, 7.5, and 12 months, Figures 1B–D,F–H). As shown in the figure, numerous dark spots were evident in the cortex (red arrows) and hippocampus (white arrows) in 5xFAD mice. The hypointense signals were better observed under higher magnification, as displayed in the bottom row (Figures 1E–H). Such hypointense signals were not observed in the WT mouse (Figures 1A–E). The dark spot areas were gradually increased with age in the 5xFAD mice.
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FIGURE 1
The T2*-weighted images of WT mice (A,E) at 4 months and 5xFAD at different ages (4, 7.5, and 12 months, B–D, F–H). Numerous dark spots were clearly evident in the cortex and hippocampus regions of the 5xFAD mice.


Figure 2 shows the representative FA (Figures 2A,B) and MD (Figures 2C,D) images of WT and 5xFAD mice at 4 months. Both WT and 5xFAD mice demonstrated very similar anatomy of the brain (Figure 2A). There are no apparent FA and MD differences in the corpus callosum (cc, yellow arrows) and hippocampus (Hc, blue arrows). The FA map showed darker (lower FA values) in the cortex (Cx) of 5xFAD compared to WT (red arrows). In contrast, the MD map depicted less variation between 5xFAD and WT mice.
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FIGURE 2
The representative FA (A,B) and MD (C,D) images of WT and 5xFAD mice at 4 months. There are no apparent FA and MD differences in the corpus callosum (cc, yellow arrows) and hippocampus (Hc, blue arrows) regions. The FA map showed darker (lower FA values) in the cortex (Cx) region of 5xFAD compared to WT (red arrows).


The FA (Figure 3b) and MD (Figure 3c) values of different regions (Figure 3a) for both WT and 5xFAD mice at 4 months are shown in Figure 3. The different regions including Cx, Hc, anterior commissure (ac), cc, and fornix (fx) were rendered with different colors (Figure 3a). There were no significant differences in most of the brain regions, including Hc (p = 0.269 for FA; p = 0.007 for MD), ac (p = 0.442 for FA; p = 0.126 for MD), cc (p = 0.168 for FA; p = 0.398 for MD), and fx (p = 0.366 for FA; p = 0.185 for MD). In the cortex region, the FA exhibited a significant decrease between WT and 5xFAD mice (p = 0.028). In contrast, no significant difference was found for MD in the cortex region (p = 0.052).
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FIGURE 3
The FA (B) and MD (C) values at different regions (Cx, Hc, ac, cc, and fx, A) for both WT and 5xFAD mice at 4 months. Cx: cortex; Hc: hippocampus; ac: anterior commissure; cc: corpus callosum; fx: fornix.


To explore the age-dependent tissue microstructure change in different brain regions, the FA and MD values of 5xFAD mice at different ages (4, 7.5, and 12 months) were exhibited in Figure 4. The DTI metrics showed strong age-dependent variations in different areas of the brain (Figures 4A–J). The FA and MD revealed no significant differences between 4 and 7.5 months in Hc (p = 0.375 for FA, p = 0.455 for MD), ac (p = 0.254 for FA, p = 0.180 for MD), and cc (p = 0.134 for FA and p = 0.429 for MD) regions. In contrast, both FA and MD showed significant differences in fx (p = 0.002 for FA and p = 0.045 for MD). FA values had significant differences in Cx (p = 0.044); MD values showed no significant differences in Cx (p = 0.320). More regions showed significant differences between 4 and 12 months, including Cx (p = 0.025 for FA), cc (p = 0.029 for FA and p = 0.037 for MD), and fx (p < 0.001 for FA and p = 0.005 for MD).


[image: image]

FIGURE 4
The age-dependent (4, 7.5, and 12 months) FA (A–E) and MD (F–J) values of 5xFAD mice at different brain regions. Cx, cortex; Hc, hippocampus; ac, anterior commissure; cc, corpus callosum; fx, fornix.


To validate the MRI findings with conventional histology, the age-dependent FA (Figures 5A,C) and beta-amyloid staining (Figures 5B,D) images of 5xFAD mice are shown in Figure 5. The FA was gradually decreased with age in both upper layers (blue arrows in Figure 5C) and lower layers (black arrows in Figure 5C) of the cortex. The beta-amyloid staining was overlayed on the NeuN staining (Figure 5D). There were more plaques in the lower layers of the cortex regardless of the age. The plaques gradually increased with age in both lower and upper layers of the cortex. The representative FA slices at different ages (4, 7.5, and 12 m) are shown in Supplementary Figure 2.
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FIGURE 5
The age-dependent FA (A,C) and beta-amyloid staining images of 5xFAD mice (B,D). The FA was gradually decreased with age in both upper layers (blue arrows in C) and lower layers (black arrows in C) of the cortex. The beta-amyloid staining was overlayed on the NeuN staining (D).


The FA images (Figures 6A,B) and beta-amyloid staining (Figure 6C) at different ages of 5xFAD in the hippocampus are illustrated in Figure 6. The FA values showed strong age-dependent changes in the dentate gyrus (DG, blue arrows in Figure 6B), the dorsal subiculum (DS, purple arrows in Figure 6B), and the CA2 (white arrows). The plaques gradually increased with age in the hippocampus regions (Figure 6C). There were more plaques accumulated in the DG, DS, and CA2 regions, which was consistent with the reduction of FA.
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FIGURE 6
The FA images (A,B) and beta-amyloid staining (C) at different ages of 5xFAD in hippocampus region. The FA values showed strongly age-dependent in the dentate gyrus (DG, blue arrows), the dorsal subiculum (DS, purple arrows), and the CA2 (white arrows). The plaques gradually increased with age in the hippocampus regions (C).


The age-dependent whole-brain microstructure changes in 5xFAD mice were demonstrated in Figure 7. In general, FA exhibited higher sensitivity to the age effect than MD. The cortex regions including the insular cortex (Ins), primary visual cortex monocular area (V1M), secondary visual cortex lateral area (V2L), primary auditory cortex (Au1), and fornix showed significant differences in the FA statistical maps (4 vs. 7.5 months). There were more regions with significant differences between 4 and 12 months, including the primary motor cortex (M1), secondary motor cortex (M2), lateral orbital cortex (LO), secondary auditory cortex dorsal part (AuD), primary visual cortex binocular area (V1B), dorsal intermediate entorhinal cortex (DIEnt), corpus callosum (cc), and striatum (Cpu). Compared to the FA statistical maps, the MD statistical map showed fewer age-dependent alterations (4 vs. 7.5 months, 4 vs. 12 months). MD showed no significant differences in the cortex regions between 5xFAD at 4 and 7.5 months, MD showed significant differences in Cpu and cc between 5xFAD at 4 and 12 months. The fx showed significant differences in both comparisons (4 vs. 7.5 months, 4 vs. 12 months), while ac showed no significant differences among different ages.
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FIGURE 7
The age-dependent whole-brain microstructure changes in 5xFAD mice. The fractional anisotropy (FA) statistic maps (A,B) exhibited higher sensitivity to the age effect compared to mean diffusivity (MD) (C,D). Ins, insular cortex; V1M, primary visual cortex monocular area; V2L, secondary visual cortex lateral area; fx, fornix; M1, primary motor cortex; M2, secondary motor cortex; LO, lateral orbital cortex; Au1, primary auditory cortex; AuD, secondary auditory cortex dorsal part; V1B, primary visual cortex binocular area; DIEnt, dorsal intermediate entorhinal cortex; cc, corpus callosum; Cpu, striatum.




Discussion

Diffusion tensor imaging is the most widely used dMRI technique to access neurodegenerative and pathophysiology diseases (Kantarci et al., 2010; Teipel et al., 2012). TDTI metrics including fractional anisotropy (FA) and mean diffusivity (MD) have been used as potential imaging biomarkers for the diagnosis of AD (Teipel et al., 2011; Nir et al., 2013). The 5xFAD is one of the most common mouse models to study the beta-amyloid aspects of human AD, its microstructure change with age has not been investigated in detail (Oakley et al., 2006). In this study, we acquired whole-brain high-angular resolution dMRI at 100 μm3 and investigated the age-dependent (4, 7.5, and 12 months) DTI metrics variations in different regions of the brain (166 ROIs).

The beta-amyloid plaques are a hallmark of AD that develop in its early stage (Reger et al., 2008). Non-invasive detection of these plaques would be invaluable for diagnosis and monitoring the treatment. The MRI signal has been enhanced by the MEMRI to visualize the Aβ plaques in transgenic rodent models of AD (Kim et al., 2021). Dudeffant et al. (2017) demonstrated that Gadolinium (Gd)-stained MRI can be used to detect the amyloid plaques in both mouse AD models and human-AD brains. The Aβ plaques could also be detected in mouse AD models using a high-resolution T2-weighted spin-echo sequence (Jack et al., 2005). In this study, high-resolution GRE pulse sequence (50 μm isotropic) was applied to detect the AB plaques. The plaques showed hypointensity in MRI images and increased with age in both cortex and hippocampus regions, which is consistent with several previous findings (Higuchi et al., 2005; Meadowcroft et al., 2009). Distinguishing individual amyloid plaques by high-resolution MRI might provide a noninvasive estimate of plaque burden in transgenic AD mice that might be useful in assessing the efficacy of anti-amyloid therapies (Santin et al., 2016).

Several studies have demonstrated that DTI changes precede the anatomical changes on structural MRI for detecting the brain impairment in different mice models (Zhang et al., 2012; Muller et al., 2020). However, the observed DTI scalars are not consistent across studies, probably due to the dynamic microstructural change in different animal models. For instance, FA in the cortex was reported to increase in 3xTg AD mice (Snow et al., 2017; Manno et al., 2019), while the FA was showed reduced in APP transgenic mice (Muller et al., 2013; Qin et al., 2013). It’s also suggested that DTI studies of AD models with marked neuron loss indicate increased MD, whereas those of a mild neuropathological phenotype without neuron loss tend to report decreased MD (Snow et al., 2017). Compared to MD, we demonstrated the reduction of FA in the cortex region can be detected as early as 4 months between WT and 5xFAD. The cortex area exhibited lower FA values and higher plaque loading in 5xFAD mice with age, which suggests that FA could be a sensitive imaging biomarker to detect the beta-amyloid pathology in the AD mice.

In the current study, we divided the whole brain into 166 different regions, in which more than 40 ROIs belong to isocortex (Wang et al., 2020a). It allows us to investigate the spatial–temporal pattern of the microstructure with the beta-amyloid progression in a well-established AD mouse model. At 7.5 months age, primary visual cortex and secondary visual cortex have already reduced the FA values significantly. At 12 months age, more cortex regions exhibited microstructure alterations, including the primary visual cortex, secondary auditory cortex, primary auditory cortex, dorsolateral entorhinal cortex, and motor cortex. In contrast, fewer cortex regions showed significant MD changes compared to FA values, which suggests that FA could be used to detect the inhomogeneous progression of beta-amyloid deposition at different regions of the cortex area.

Similar to the cortex, amyloid plaque loading is known to be high in hippocampus (Lazarov et al., 2002; Vyas et al., 2020). Reduced FA and increased MD in hippocampus were reported in many of these human studies, probably attributed to increased extracellular space volume and neurodegeneration (Muller et al., 2007; Cherubini et al., 2010; Hong et al., 2013; Nowrangi et al., 2013). It has been reported that only FA showed a significant increase in the hippocampus of APP/PS1 mice, compared to other DTI metrics (Shu et al., 2013). In contrast, decreased FA was detected in the hippocampus in the 12-14-month-old 3xTG AD mice (Snow et al., 2017). In the current study, both FA and MD showed no significant differences for the ROI-based analysis (whole hippocampus). The inconsistency may cause by different mouse models and different ages of mice in different studies. The heterogeneous FA alterations were observed in the subregions of the hippocampus, which may be associated primarily with the plaque deposition and related inflammation (Praet et al., 2018). It has been noted that the hippocampus exhibits complex microstructure and has been demonstrated to show laminar features due to layer-dependent FA values (Wang et al., 2020b). The higher spatial resolution dMRI with sub-region analysis should be performed in future studies to investigate the inhomogeneous microstructure alterations at different layers of the hippocampus (Wu et al., 2020).

Alzheimer’s disease is classically considered a disease of gray matter; however, white matter abnormalities have been widely reported in the brains of incipient and mildly afflicted individuals (Sachdev et al., 2013). Advanced neuroimaging studies demonstrate that patients with preclinical AD have widespread white matter abnormalities at a stage similar to those reported in AD (Marquez and Yassa, 2019; Stone et al., 2021). White matter abnormalities, particularly axonal transport deficiencies, are also important components of AD (Klok et al., 2018). The fornix is a white matter bundle belonging to the medial diencephalon and serves a vital role in memory functions (Copenhaver et al., 2006; Nowrangi and Rosenberg, 2015). Fornix microstructural degradation, as measured by reduced FA, was prominent in both MCI and AD, and may provide evidence of degenerative white matter injury in AD (Lee et al., 2012). The age-dependent microstructural alterations of fx were demonstrated by both FA and MD in 5xFAD mice. In contrast, the ac showed no significant changes among different ages (4 m–12 m), which is consistent with a recent study using the P301L mouse model (Massalimova et al., 2021). Compared to other white matter bundles, fornix may play an important role in AD pathology and can be used as a disease biomarker for pharmacological therapeutics (Badea et al., 2016).

There are several limitations in our study. First, we only performed ROI-based analysis due to the limited sample size, the voxel-based analysis should be performed with larger sample size. Second, compared to in vivo studies, ex vivo MRI affords higher resolution and fewer motion artifacts, it may not accurately represent the tissue microstructures under normal physiological conditions due to the fixation. Third, only female 5xFAD mice were conducted in the study, the sex difference effect is warranted in future studies. In addition, transgenic models have been widely used to study AD risk factors and mechanisms, but the degree of characteristics displayed in comparison with AD in humans is still limited (Elder et al., 2010).



Conclusion

We demonstrated that microstructure alterations are age-dependent using a model of progressive brain amyloidosis. We were able to detect the inhomogeneous FA alterations in different parts of cortex and hippocampus. The spatial–temporal pattern of the microstructure changes in the cortex region with the beta-amyloid progression has been generated. DTI metrics could be used to monitor the progression of beta-amyloid deposition and the efficiency of the anti-AD drugs.
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In the published article, there was an error in Materials and methods, “Histology,” paragraph 1. The incorrect histology protocol was used and the description of the histology (slice thickness, antibody of NeuN, microscope) was therefore incorrect. The paragraph previously stated:

“Histological examinations were performed on the mice brains as previous described (Oblak et al., 2021; Tsai et al., 2021). Coronal 8-μm thick slices were stained immunocytochemically stained for the neuronal nuclear antigen (NeuN) (MAB377, lot 2967854, Millipore, Burlington, MA, United States) and 6E10 staining (BioLegend #803001 in mouse, 1:1000; AB_2564653) for beta-amyloid plaques. The slides were imaged using Axioscop2 FSmot optical microscope with EC PlanNeofluar Zeiss lens at 20× magnification, 0.3 aperture under the same settings and light conditions.”

The corrected paragraph appears below:

“Histological examinations were performed on the mice brains as previous described (Oblak et al., 2021; Tsai et al., 2021). Thirty micron-thick sections were stained to visualize neuronal cell bodies and beta-amyloid plaques using antibodies directed against NeuN (Abcam #ab104225, 1:1000, Boston, MA) and 6E10 (BioLegend #803001, 1:1000). The slides were imaged using Leica DVM6 digital microscope.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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As a non-radiative, non-invasive imaging technique, functional magnetic resonance imaging (fMRI) has excellent effects on studying the activation of blood oxygen levels and functional connectivity of the brain in human and animal models. Compared with resting-state fMRI, fMRI combined with stimulation could be used to assess the activation of specific brain regions and the connectivity of specific pathways and achieve better signal capture with a clear purpose and more significant results. Various fMRI methods and specific stimulation paradigms have been proposed to investigate brain activation in a specific state, such as electrical, mechanical, visual, olfactory, and direct brain stimulation. In this review, the studies on animal brain activation using fMRI combined with different stimulation methods were retrieved. The instruments, experimental parameters, anesthesia, and animal models in different stimulation conditions were summarized. The findings would provide a reference for studies on estimating specific brain activation using fMRI combined with stimulation.
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Introduction

Since the 1930s, magnetic resonance imaging (MRI) has been used as an effective tool for neuroscience research in vivo. Seiji Ogawa discovered the MR contrast mechanism of functional magnetic resonance imaging (fMRI) in 1990 (Ogawa et al., 1990). It relies on blood oxygen level-dependent (BOLD) changes in brain tissue. With the development of magnetic resonance technology, this oxygenation contrast becomes more obvious in high spatial resolution magnetic resonance imaging, which makes fMRI a non-radiative and non-invasive technique for studying neural activity changes (Liang S. et al., 2017; Zhang et al., 2021). In the initial human sensory stimulation studies, scientists realized that this was a reasonable way to map brain function (Ogawa et al., 1992).

fMRI can reflect the fluctuation of blood flow in the brain, which could map the patterns of brain activity in the resting state, the directional activation of specific brain regions, or the pathways caused by external stimulation (Sanganahalli et al., 2009). Humans and animals are connected to their environment (Arora, 2021). They receive information from the outside world all the time and send it to the brain for analysis (Ferezou and Deneux, 2017), which is the basis for human beings to perceive the world. Resting-state fMRI studies are meaningful, but evoked-state fMRI is preferred in dynamic interactions because it can reflect BOLD changes in the brain from multiple dimensions (Han et al., 2019). As early as 1995, Yang et al. (1996) performed vibration stimulation on the rats' whiskers to reflect the changes of external stimulation in the brain. A series of studies focusing on different stimulation modes has gradually emerged with the development of science and technology. Early studies have used electrical (Scanley et al., 1997), visual, olfactory, and auditory stimulation (Jezzard et al., 1997). Later, optogenetic, deep brain stimulation, electrical microstimulation, and multiple stimulations emerged (Kamada et al., 1999; Ferris et al., 2001). A variety of stimulation paradigms have been devised to accurately reflect the different brain regions and pathways through which animals communicate with the outside world, and the application of the stimulation provides a dependent variable for fMRI studies (Sanganahalli et al., 2009). Since stimulation intensity, location, electrode selection, and stimulation method may all affect imaging quality and stability (Spenger et al., 2000; Luo et al., 2009; Zhao et al., 2020), it is particularly important to design a suitable, reliable, and repeatable paradigm to meet the specific experiment objective (Chen et al., 2020).

In this review, we aimed to describe the current status and trends of animal fMRI combined with stimulation. Both the stimulation paradigms and the corresponding changes in fMRI activation during stimulation were explored via collecting and analyzing the activation states, the facility information, and the relevant information of stimulations in the previous animal fMRI studies. The findings would provide a basis for the choice of the stimulation paradigm and the parameter settings of fMRI to explore brain activation in animal studies.



Methods

We searched for the relevant articles in the PubMed database on September 25, 2021, using the following searching strategy. “Search (functional magnetic resonance imaging [Title/Abstract]) or (fMRI [Title/Abstract]) or (functional MRI [Title/Abstract]) and (stimu* [Title/Abstract]) Sort by: Best Match Filters: Abstract; Filters: Other Animals, from 1992–2021; Other Animals.” We retrieved a total of 1,556 research articles. After screening the titles and abstracts, we excluded studies that did not use stimulation in the fMRI scanning process and received a total of 667 articles in the end. We extracted all kinds of parameters related to the stimulation methods, species, and anesthesia methods.



Results and discussion


Year distribution

The imaging quality of fMRI is related to the strength of the magnetic field and the scan sequence. As early as 1995, relevant research studies had already been performed, and they were reproducible in and among animals within the experimental error range (Yang et al., 1996). The specific time distribution of the studies is shown by the broken line graph (Figure 1A). “Most studies were” means that most of the early experiments were centered around electrical, visual, and mechanical stimulation. And as you can see from the year distribution (Figure 1A) these three types of stimuli have been studied earlier. With the development of optogenetics, deep brain stimulation (DBS), and electrical microstimulation (EM), there has been an increasing number of related fMRI studies because of their compatibility. Besides, the number of multistimulation experimental studies was increasing. At the same time, two of the most frequently used methods of experimental stimulation in the past—electrical and visual stimulation—showed a downward trend. Among other stimulations, the number of studies using direct brain stimulation and combined multistimulation has increased, while the number of studies using olfactory, auditory, mechanical, and other types of stimulation showed no obvious change. It indicated that multistimulation and direct brain stimulation are likely to be used more often in future studies.
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FIGURE 1
 (A) Year distribution of stimuli. The years of the collected articles were sorted out according to the types of stimuli and then plotted into a line graph of year distribution. The line graph can intuitively reflect the hot spots and trends of the research on stimulation combined with functional magnetic resonance. (B) Stimulation distribution. All stimulation is divided according to the method of the stimulus, including electrical stimulation, visual stimulation, direct brain stimulation, multiple stimulation, mechanical stimulation, olfactory stimulation, auditory stimulation, and others. Among them, electrical stimulation (n = 214, 32.08%), visual stimulation (n = 154, 23.09%) and direct brain stimulation (n = 95, 14.24%) are the main methods.




Methods of animal anesthetization for scanning

During MRI scanning, the state of the animal can be classified as awake or anesthetized (Figure 2A). Awake imaging does not need an anesthetic during the scan, which usually achieves stable imaging through early adaptive training and restriction devices in different animals (Ferris, 2022). Under certain circumstances, a faster scan sequence (fast low-angle shot, FLASH) may be used to obtain a sharper image (Tsurugizawa et al., 2009b, 2010). While anesthesia imaging needs to maintain stable imaging of animals with an anesthetic, inhalation of isoflurane is the most commonly used anesthetic method in anesthesia experiments. Alpha-chloralose is also a more common choice. The choice of anesthetics is not limited to a single type, but mixed anesthesia (multiple mixed uses) is also often used. Ketamine is often used in a mixed way, and there are fewer ways to use ketamine alone (Figure 2B).
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FIGURE 2
 (A) Animal preparation. Animal fMRI relies mainly on anesthesia to help restrain animals; most studies are still conducted under anesthesia (n = 536, 80.36%). Compared with numerous articles under anesthesia, the awake experiment is more valuable (n = 108, 16.19%). A very few contained both animal states (n = 9, 1.35%) and unstated articles (NA, n = 14, 2.10%). (B) Anesthetics distribution. Isoflurane is the most commonly used anesthetic in experiments related to anesthesia, and the combination of anesthetics is also a popular choice.


Anesthetizing the experimental animals is more time-saving, labor-saving, and convenient for intervention than dealing with them in an awake state. Therefore, anesthetized animal models are preferred in research studies. For example, the neurovascular coupling has been studied extensively in anesthetized animal models. However, it showed severe disruption of brain metabolism, neural activity, and cardiovascular function. When the rodent models are anesthetized, fMRI scanning is a common method, but the physiological parameters of animals might change in the anesthetized state, which would affect fMRI results. With the emergence of different scanning schemes, designs, and modifications of scanning beds, it is now possible to study neurovascular coupling and brain circuit function in animals when they are awake and behaving normally. As long as these factors are not objectively quantified, the scientific validity of fMRI application in rodents will be compromised (Steiner et al., 2021). The imaging process of fMRI in the awake state is also worth further study, as it is closer to a normal physiological state. Some studies on the wakefulness state have been carried out in different animals, which showed repeatable stability (Hirano et al., 2018).



Sensory stimulation

The distribution maps of different stimulation types were plotted through data statistics (Figure 1B). fMRI studies with stimulation can be divided into electrical, mechanical, multiple, visual, olfactory, direct brain, and other kinds of stimulation based on the type and location of stimulation. The different stimulation methods will be elaborated on separately in the following sections.

The studies were categorized according to the method of the stimulation, including electrical (n = 214, 32.08%), visual (n = 154, 23.09%), direct brain (n = 95, 14.24%), multiple (n = 64, 9.60%), mechanical (n = 49, 7.35%), auditory (n = 38, 5.70%), olfactory stimulation (n = 24, 3.60%), and others (n = 29, 4.35%) (Figure 1B). Among them, the main methods were electrical, visual, and direct brain stimulation.


Electrical stimulation

The distribution of electrical stimulation sites and animal selection is illustrated in Figure 3A. It can be seen that rats (n = 194, 87.39%) were mostly used in the studies involving the electrical stimulation paradigm. As a simple and mature technology, electrical stimulation is widely used in the forepaw, hindpaw, and whiskers (Yu et al., 2016; Todd et al., 2019; Cywiak et al., 2020), in which the activated area is stable. The activated brain region for forepaw stimulation is the sensory cortex (somatosensory fore-limb region, S1FL) (Kim et al., 2005; Crofts et al., 2020), and the corresponding activated brain region for hind paw stimulation is the somatosensory hind-limb regions (S1HL) (Todd et al., 2019). Several studies have reported that whisker stimulation mainly activates the barrel cortex (S1BC) (Yu et al., 2012; Martin et al., 2013). It should be noted that there are various whisker stimulation methods, including mechanical stimulation and electrical stimulation. Whisker stimulation in this part refers to electrical stimulation of the whisker to achieve the activation effect. There were other stimulation methods, such as wrist electrode implantation to the median nerve, masticatory muscle implanted electrode to the trigeminal nerve (Just et al., 2010), stomach direct electrical stimulation (Yu et al., 2014; Cao et al., 2019), and trunk stimulation (Endo et al., 2008; Meuwissen et al., 2020). In short, electrical stimulation was set up in various ways with different blood oxygen fluctuations in the cortex. The cortex is the core region that responds to electrical stimulation (Sanganahalli et al., 2009).
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FIGURE 3
 (A) Electrical stimulation localization. All electrical stimulation is classified according to the localization of stimulation, including paw stimulation (n = 183, 82.43%), whisker stimulation (N = 15, 6.76%), nerve stimulation (n = 9, 4.05%), and others (n = 15, 6.76%) including muscle, stomach, trunk, wrist. The color bar means the number of studies. (B) Paw stimulation. The species distribution of paw stimulation is rat (n = 161, 87.98%), mouse (n = 19, 10.38%), non-human primate (n = 2, 1.09%), and NA (n = 1, 0.55%). (C) Rats' paw stimulation. Noxious stimulation <2 mA (n = 42, 26.09%) and non-noxious stimulation ≤ 2 m (n = 90, 55.90%). Some experiments covered both stimulus intensities (n = 12, 7.45%), and different stimulus intensities were adopted in the remaining chapters, or no specific description was given (n = 17, 10.56%). (D) Rats' paw localization. A bar graph was obtained by distinguishing the sites of stimulation by the forepaw (n = 141, 87.58%), the hind paw (n = 12, 7.45%), and both (n = 8, 4.97%).



Forepaw/hindpaw stimulation

In existing studies, electrical paw stimulation is a relatively mature stimulation paradigm, which has been applied to different animals (Figure 2A). Electrodes compatible with the MRI scanning system were implanted between the digits of the animals to apply stimulation, and the BOLD signals were observed in the brain regions or networks by setting different current parameters. The paw stimulation in rats was most widely studied (n = 161, 87.98%) (Figure 3B). The location of the rats' paw stimulation (Figure 3D) in most studies was the forepaw of rats (n = 141, 87.58%), and a small amount was in the hindpaw (n = 12, 7.45%). We further classified the paw electrical stimulation into noxious (n = 42, 26.09%) and non-noxious stimulation (n = 90, 55.90%) (Figure 3C). In the previous study, the threshold of the stimulating current was set at 2 mA. When the current was below the threshold value, only the contralateral corresponding sensory cortex was activated. Noxious forepaw stimulation greater than the threshold triggered activation of other brain regions associated with pain perception, including the secondary somatosensory cortex (S2), thalamus, insula, and limbic regions (Luo et al., 2009). Because of the species difference, the stimulating current threshold of mice (Luo et al., 2009; Adamczak et al., 2010; Jung et al., 2019) and non-human primates (NHP) (Luo et al., 2009; Qi et al., 2016; Yen et al., 2018) may not be the same. More detailed and targeted research studies are needed to determine the current threshold for different species.



Non-noxious and noxious electrical paw stimulation

As mentioned above, noxious electrical paw stimulation refers to a current intensity >2 mA. Due to its pain-causing characteristic, noxious electrical stimulation exceeding the stimulation threshold has been used in the study of a variety of inhibitors, like lidocaine. It has shown a decrease in global brain activation after lidocaine injection compared with the control group, suggesting that lidocaine may be a reasonable sedative and analgesic substance (Haile et al., 2019). A series of studies have investigated the CBF and BOLD signal changes in the bilateral striatum after the combined use of noxious electrical stimulation. The results show CBF reductions and reduced BOLD activation (Shih et al., 2011). Further studies are needed to explain the relationship between CBF and BOLD signal changes in the striatum and the current traumatic stimulation. For both noxious and non-noxious stimulation, the regions activated were the corresponding regions of the contralateral cortex areas, such as the contralateral primary somatosensory cortex. In a study on the cortex, S1 was divided into six layers, with the increase of current intensity (1–10 mA), cortical CBF in six layers also appeared in the change and was particularly pronounced in the II-V layer (non-noxious) and V-VI layer (noxious) of contralateral primary somatosensory cortex (Shih et al., 2013). The significance of noxious electrical stimulation is to create a visualized fMRI activation of pain-related regions (Pawela et al., 2017) and to study changes in cerebral blood flow (CBF) in the brain caused by pain inhibition or changes in pain intensity. Intuitive vascular and neural coupling observations are more convincing. Among paw stimulations, a class of studies investigated the effects of inhaled anesthetics on the intracerebral imaging of frequency-dependent paw stimulation, just like the effects of anesthesia on neural coupling mentioned above. Comparative experimental studies have also showed different BOLD signals under different anesthetics at the same frequency (Schroeter et al., 2014). Some studies have shown that anesthesia can also affect the adaptability of neural activity (Masamoto et al., 2007). This may indicate that anesthesia may modulate frequency-dependent sensory activation. The electrical stimulation at 3 Hz in chloralose anesthetized rats induced the greatest effect (Gyngell et al., 1996), while the maximum frequency of effect in isoflurane-induced rats was 8–12 Hz for a short period (10 s) and 6–8 Hz for an extended period (30 s) (Kim et al., 2010), which might provide a valuable reference for parameter setting of non-noxious paw stimulation.

Non-noxious electrical paw stimulation refers to a current intensity of < 2 mA, which generates stable activation in the brain regions. Compared with the wide-range activation of noxious stimulation, the activation range of non-noxious stimulation is limited, which was commonly used in the study of different disease models such as Alzheimer's disease model (Sanganahalli et al., 2013), stroke model (Sicard et al., 2006; Kim et al., 2007; Suzuki J. et al., 2013), and spinal cord injury model (Ramu et al., 2006, 2007). Neurovascular changes of model animals were reflected and compared through changes in blood flow in cortical areas by mapping brain activation after stimulation interventions. The non-noxious electrical stimulation had a stable paradigm. Therefore, it enabled comparisons of different anesthesia states (Verley et al., 2018), scan sequences (Seehafer et al., 2010), and contrast agents (Kim et al., 2005). Non-noxious electrical stimulation can be used as a more stable model to reflect changes in CBF and activation state induced by changes in external conditions. Interesting research about stimulating the bilateral ventricle and forepaw simultaneously showed differences in brain activation. This phenomenon may be related to the different afferent innervation of the heart, which overlaps with the clinical results of different ischemic lesions in the left and right ventricles (left or right ventricular myocardial ischemia) (Suzuki H. et al., 2013). By coupling nerve blood vessels, the research findings could provide evidence for the clinic.



Nerve electrical stimulation

Nerve stimulation was applied by inserting electrodes or placing electrical pads precisely into the target peripheral nerve regions (Figure 3A). The electrodes can be placed directly on the skin or surgically implanted. The main difference is that skin stimulation is pure sensory stimulation, while surgically implanted electrodes stimulate not only the sensory system but also motor activity and the deep brain structures (Cho et al., 2008). A few studies of direct nerve stimulation mainly involve stimulation of the trigeminal nerve (Cho et al., 2008; Just et al., 2010; Sonnay et al., 2017), the median nerve (Kennan et al., 1998, 2000; Hettinger et al., 2011; Liu et al., 2013). However, stimulation of multi nerves, such as the median, ulnar, radial, and musculocutaneous nerves, was occasionally reported. In this way, a distinct pattern of cortical activation was found with each nerve correlated with known sensorimotor afferent and efferent pathways to the rat forepaw (Cho et al., 2008). There were many related studies on median nerve electrical stimulation, some of which used the C7 nerve root transplanted rat model to evaluate the treatment effect through nerve stimulation to verify its clinical effectiveness (Stephenson et al., 2013). One study used implanted devices to study survival models in rats (Hettinger et al., 2011). The trigeminal nerve was stimulated by inserting the cathode into the suborbital hiatus and the anode into the masticatory muscle or neck muscle to observe the activation of S1BC in rats (Sonnay et al., 2017). Electrical stimulation was also performed on NHP, and greater activation of brain regions was observed in awake monkeys than in macaques under propofol anesthesia (Liu et al., 2013). The pathway of direct neural stimulation differs from sensory stimulation through the body surface to neural stimulation. Nerve stimulation is indeed a superior method to activate the brain regions of interest, which could avoid interference activation generated by other cortical sensory stimulation (Kida and Yamamoto, 2010).



Whisker pad electrical stimulation

As not all animal whiskers were susceptible to irritation, rodents were the primary subjects in the study on whisker electrical stimulation (Figure 3A). There were many ways of observing the changes in blood flow in the barrel cortex by stimulating the rats' whiskers, including pneumatic, mechanical, and electrical stimulation of the whisker pad. The whiskers were electrically stimulated on one side to alter the effect of the contralateral barrel cortex (Wehrl et al., 2014; Shih et al., 2021). In drug-related studies, Cheng et al. explored the effects of caffeine injection on the activation of the barrel cortex of whiskers in α-chloralose anesthetized rats (Shih et al., 2021). H2(15)O-PET and fMRI brain activation contrast experiments revealed that two kinds of brain activation maps can generate complementary physiological information, which is important for experimental research and clinical practice (Wehrl et al., 2014). These studies usually analyzed the neurovascular coupling (Hewson-Stoate et al., 2005; Devonshire et al., 2012), in which personal errors, such as the pressing of experimental animals' whiskers, should be avoided during scanning (Kida and Yamamoto, 2010).



Other electrical stimulation

The other types of electrical stimulation included wrist (Schwindt et al., 2004; Gsell et al., 2006; Hirano et al., 2018), trunk (Meuwissen et al., 2020), and stomach (Yu et al., 2014) (Figure 3A). For the wrist (Duricki et al., 2019) and trunk (Endo et al., 2008) electrical stimulation, electrodes were placed directly on the skin. For gastric stimulation, the abdomen is opened from the xiphoid process to expose the organs fully, and the electrode patch is implanted into the anterior stomach and then sutured. Gastric stimulation can drive somatosensory and cingulate cortices to generate extensive fMRI responses (Cao et al., 2019).

Although implanting electrodes in the stomach is difficult and risky, it is an effective way to stimulate nerves directly. Future studies could focus on the innervation effect of the stomach with electrical stimulation. The study on wrist electrical stimulation is not as valuable as that of median nerve stimulation implanted in the muscle, as the latter is more advanced in exploring the neurovascular coupling through fMRI f (see 3.3.1.3 Nerve Electrical Stimulation for more information) (Kida and Yamamoto, 2010).

Trunk stimulation has been carried out in studies on low back pain and spinal cord injury. The activation of brain regions associated with pain, such as the raphe nucleus, nucleus accumbens, and caudate putamen, can be observed by referring to the animal spinal cord stimulation model (T13) (Meuwissen et al., 2020). We can explore the mechanism of pain through different experimental designs and animal models, which may enhance our knowledge of pain and provide new insight into clinical treatment (Endo et al., 2008).




Visual and auditory stimulation
 
Visual stimulation

The visual stimulation paradigms use specific images, videos, light, or designed visual tasks to stimulate brain activities, which are observed during the fMRI scan. The stimulation methods can be classified according to different types of stimuli (Figure 4A). In 154 studies on visual stimulation paradigms, the types of stimuli included image (n = 43, 27.92%), light (n = 35, 22.72%), gratings (n = 34, 22.08%), checkboard (n = 12, 7.79%), color (n = 5, 3.25%), optical fiber (n = 5,3.25%), video (n = 5, 3.25%), and free view (n = 4, 2.60%). Some experiments combined several different visual stimuli (n = 11, 7.14%). Figure 4A shows images, light, and checkboards were the most commonly used visual stimuli. The stimulation's distribution in species highlights that the image is mainly used for NHP among the collected paradigms (Figure 4B). The BOLD signal changes induced by visual stimulation were mainly through gaze training of the awake or anesthetized NHP (Figure 4B), which combined the use of an anesthetic to relax the eye muscles and keep the eyes open (Dubowitz et al., 2001). The presentation of visual stimulation determined the different visual areas studied (Tsao et al., 2006; Lau et al., 2011a). Most studies used NHP as research animals, but there were also studies on rodent and cat models (Figure 4C). Meanwhile, we summarized the sample size distribution of visual stimulation experiments (Figure 4D). As with most animal experiments, the sample sizes for NHP experiments were generally < 10, while the sample sizes for other animal models varied. This sample size usually depended on the funding of the experiment and the difficulty of implementation. Since 1999, a repeatable and stable imaging method for visual stimulation based on BOLD signals has been explored (Logothetis et al., 1999). The implementation of visual stimulation requires pre-fixation training (Caspari et al., 2018; Premereur and Janssen, 2020) or keeping the animals' attention during the scanning process (Liang Z. et al., 2017; Xu et al., 2019) to achieve the desired stimulation effect. It is feasible to make the animals cooperate actively through training (Alizadeh et al., 2018). Another approach to forcing monkeys to stare at the target object was to keep the eyes passively open using a muscle relaxant (Jin and Kim, 2013). We also need to consider that different external visual signals present different stimuli that specifically activate different brain regions (Kaskan et al., 2017; Karl et al., 2020).
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FIGURE 4
 (A) In total of 154 paradigms of visual stimulation collected, we divided the methods of the stimulus into image (n = 43, 27.92%), light (n = 35, 22.72%), gratings (n = 34, 22.08%), checkboard (n = 12, 7.79%), color (n = 5, 3.25%), optical fiber (n = 5, 3.25%), video (n = 5, n = 5, 3.25%) and freeview (n = 4, 2.60%). Some experiments covered several different methods of the stimulus (n = 11, 7.14%). (B) Image is mainly used for NHP among the collected paradigms. Species distribution and sample size's trend. The color bar means the number of studies. (C) Animal representation in the collected paradigms. NHP, cats, and rats are the principal animals used for visual stimulation. (D) A number of animals used per fMRI study. NHP studies are carried out with fewer animals, whereas studies involving mice involve larger animals.


As an important signal of sensory input, vision is involved in many processes, such as facial recognition preferences in the brain (Russ and Leopold, 2015), the formation of reward mechanisms (Tsurugizawa et al., 2012), the processing of looming stimulation (Cléry et al., 2020), and 3D shapes. There are some classical brain regions activated (Tsurugizawa et al., 2010), but some other brain regions have been activated and reported in humans (Bunford et al., 2020), suggesting the value of studying the functional organization of the brain with visual stimulation.



Auditory stimulation

Auditory stimulation has been studied mainly in NHP and birds. Birds use calls to maintain social relationships, just as humans do with language (Van Ruijssevelt et al., 2018). Therefore, the audio types selected for auditory stimulation of birds were normally copulatory vocalization and songs of other birds (Voss et al., 2007; Maul et al., 2010). The auditory stimulation parameters in NHP were much more complex and varied. The stimulation paradigms may use human speech (Joly et al., 2012), infraspecific calls (Perrodin et al., 2011), extracted music (Wang et al., 2017), the “local-global” auditory paradigm (Uhrig et al., 2014), and broadband noise (Wong et al., 2017). These studies provide a critical basis for future studies of various functional properties of the animal auditory cortex.

As we discussed above, visual and auditory studies have used similar experimental paradigms to reveal the brain regions with specific functions. In the reported studies, many have compared the brain activations between humans and NHP to explore homology. The corresponding functional regions studied included the scene selection region (Nasr et al., 2011), the facial selection regions (Tsao et al., 2006), and the auditory cortex in a binocular blind rhesus monkey model (Wang et al., 2017). Visual or auditory stimulation can be applied as a single stimulation, but they are often combined in complex daily situations that involve the integration of higher-level complex information processing. Moreover, Guipponi et al. found that visual and auditory stimulation were closely combined and activated the superior colliculus (SC), which was of higher application value and more innovative in the study of higher-dimensional brain function (Guipponi et al., 2013; Lau et al., 2018). Research on single stimulation is also indispensable in scientific research. There were research studies on the auditory midbrain (Van der Kant et al., 2013), auditory forebrain (Maul et al., 2010), visual cortex (Boch et al., 2021), auditory cortex (Van Ruijssevelt et al., 2017), visual pathway (Leopold et al., 2002), new nerve nodes (Van Ruijssevelt et al., 2018), and nucleus functions (Lau et al., 2011b), which were the basis for further complex stimulation research.




Olfactory stimulation

Olfactory stimulation refers to the delivery of a liquid or gas containing a specific odor to the area near an animal's nose through a certain transport route or carrier, thus activating the corresponding olfactory bulb region. The olfactory stimulation can be divided into single-odorant and multiple-odorant stimulation (Figures 5A,B). In both types of olfactory stimulation studies, isoamyl-acetate was the most commonly used stimulus. The rat was the most commonly used animal in olfactory stimulation experiments (n = 14, 58.33%), but the use of other animals has been increasing in recent years (Figure 5C). The olfactory bulb (n = 6, 25.00%) was the most popular ROI in olfactory stimulation experiments. Figure 5D shows a trend of multiple ROIs in recent years.
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FIGURE 5
 Odorants, species distribution, and ROI distributions. (A) Studies using single stimuli (n = 13, 54.17%). (B) Studies using multiple stimuli (n = 11, 45.83%). The color bar means the number of studies. (C) Temporal distribution of experimental animals. (D) Distribution of ROI over time. The color bar means the number of studies.


Olfactory stimulation cannot be implemented without an MRI-compatible taste transmitter. Animals are fixed on the scanning bed, and a transmitter sends specific odors within the animals' smell range. Specific odors include alcohol, almond flavor, amyl acetate (Poplawsky et al., 2015), ethyl butyrate, methyl valerate (Sanganahalli et al., 2016), various types of odoriferous chemicals (Zhao et al., 2018), and social smells of different species or the same species (Xu et al., 2005; Tikhonova et al., 2015) were sent through an MRI-compatible device. In olfactory stimulation experiments, it is also essential to design the parameters of odor transport location and transport time.

The current research has already shown evidence of the odor transport time and location. Some studies have observed the effects of olfactory stimulation of different time lengths (Martin et al., 2007). The analysis results showed the same effects of long-term and short-term stimulation. Similar research on NHP using 1/2/8 mins of stimulation revealed the same results. On the other hand, the research applied stimulation in different locations. Orthonasal and retronasal stimulation have shown overlapping response patterns and some route-specific dominance. Orthonasal maps were dominant in dorsal-medial regions, whereas retronasal maps were dominant in caudal and lateral regions (Sanganahalli et al., 2020). In summary, when applying olfactory stimulation, one should consider the odor type and the length of time. These results indicate that fMRI is the right choice for detecting the time and locations of olfactory bulb activation.



Direct brain stimulation

Direct brain stimulation means that the electrodes or fibers used for stimulation are implanted directly into specific areas of the brain regions to regulate the target pathways and brain regions directly. The main modes of action reported in relevant literature include DBS, EM, and optogenetics functional magnetic resonance (O-fMRI).

Previous studies have not clearly distinguished between brain EM and DBS (Jiang et al., 2015). During fMRI scans, implanted objects may interfere with data collection (Shyu et al., 2004). The different locations of electrode implantation are summarized in Figure 6A, and its year-to-year distribution is described in Figure 6B. Meanwhile, researchers need to consider selecting MRI-compatible electrodes before applying stimulation. In the DBS and EM animal studies, the electrode materials selected are shown in Figure 6C. Teflon-coated tungsten (n = 10, 17.86%) was the most commonly used electrode material. Other materials included graphene fiber, non-magnetic gold electrodes, iridium, and more. In recent years, more and more new materials have been used to reduce artifacts (Figure 6D). The thalamus (n = 20, 35.71%) was a popular site for deep brain stimulation and micro-current stimulation experiments. Other stimulating areas included the deep cerebellar nuclei, lateral olfactory tract, and more. Besides, some studies may involve two stimulating areas. Hippocampus (n = 8, 14.29%) has been a popular stimulating region in the last decade in this research field.
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FIGURE 6
 Direct brain stimulation includes deep brain stimulation, EM, and optogenetics (A) Stimulation site representation distribution and electrode material distribution in deep brain stimulation and micro-current stimulation. (B) Distribution of stimulation sites over the last two decades. The color bar means the number of studies. (C) Distribution of stimulating electrode materials used in articles related to direct brain stimulation. (D) Electrode materials occur in the literature over time. The color bar means the number of studies.


O-fMRI refers to the use of functional magnetic resonance to reflect certain activated or suppressed pathways or circuits in optogenetics-regulated animals. Usually, the experimental procedures for optogenetics include stereotactic injection, fiber implantation, and post-implantation stimulation, with specific photosensitive viruses implanted at corresponding intracerebral coordinates (Just and Faber, 2019). Optogenetic techniques can be a possible way to stimulate the brain regions through light-sensitive channels (Kahn et al., 2011). Different laser emitters activated the light-sensitive channels, mainly a blue laser at 473 nm and some blue and yellow (593 nm) pulsed lasers as well (Takata et al., 2015). Channel protein distribution and laser activation are described in Figures 7A,B. Rats (n = 16, 69.57%) were the most commonly used animals in O-fMRI. The opsin injection site was also collected (Figure 7C). The cerebral cortex (n = 7, 30.43%) and hippocampus (n = 7, 30.43%) have been hot spots for research. Studies mainly explore various brain regions in the cortex, such as the medial prefrontal cortex, neocortex, and S1FL.
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FIGURE 7
 As for optogenetics fMRI (O-fMRI). (A) Distribution of animal species in O-fMRI, ChR2 is the most commonly used optogenetics protein. (B) The distribution of color of stimulating light and opsin in documented studies. (C) The distribution of sites of opsin expression.


EM and DBS are highly similar. EM uses fMRI to observe the neurovascular changes in specific brain areas through electrical stimulation alone or in combination with other stimulations. When combined with certain behavioristics, it can be verified in reality and in the brain (Murris et al., 2021). In the studies on EM and DBS in animals, the selection of different electrodes and stimulation sites deserves our attention. The current intensities of EM and DBS were low and directly affected the brain regions. Weak current (microampere) stimulation was generated for the brain regions and pathway, and changes in blood oxygen levels in brain regions corresponding to this pathway can be observed. Yang compared the functional connectivity of the lateral and medial thalamic cortical pain pathways in normal rats by using a BOLD activation pattern induced by direct electrical stimulation of the posterior ventral (VP) and middle temporal region (MT) regions of the forebrain. Such stimulation experiments directly analyzed whether there were fundamental differences in signal processing between the medial and lateral thalamic pathways (Yang et al., 2013).

Due to the selectivity of regulating channel proteins and the numerous circuits and regions of interest in the brain, the BOLD changes in the brain can be visually observed in combination with optogenetics, thus achieving the goal of observing neurovascular coupling. Regarding the selection of channel proteins, different researchers used the same opsin to activate the ROI, such as using CHR2 to activate dHP and vHP (Wang et al., 2019); S1FL (Schmid et al., 2016, 2017; Uhlirova et al., 2016); M1 AND CPU (Ryali et al., 2016). Other studies selected inhibitory channel proteins such as eNpHR and ARCHT to inhibit frontal eye field neurons (Ohayon et al., 2013). eNpHR can be verified in both activation and inhibition (Liu et al., 2015). In conclusion, the diversity of photogenetic techniques combined with functional magnetic resonance can effectively reflect the accuracy of brain pathways or connections from the neurovascular coupling.



Mechanical stimulation

Mechanical stimulation refers to the compression of the skin of an animal by air, a drive device, comb, pin, rod, or clamp to produce a relatively simple effect of pure mechanical stimulation, including the classic monofilament skin stimulation, pneumatic skin stimulation, whisker stimulation, and vibrator sticking to the skin. The conduction pathways of skin stimulation are relatively simple, as are their stimulation methods and species distribution (Figure 8). The most common stimulation methods are applying pneumatic equipment, plastic spin, filament, vibrator, and force on the skin of NHP, rodents, and other animals (n = 39, 54.17%). Studies on whisker stimulation were also common (n = 27, 37.5%), and the species were limited. Further studies included intestinal pressure stimulation, eye gas stimulation (Miller et al., 2003), and tail clamping stimulation (Nagakubo et al., 2017), which can be performed in a variety of easy and repeatable ways.
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FIGURE 8
 Mechanical Stimulation. The locations of stimuli and species distribution are displayed through a hotspot map, and the content in the hotspot grid is the medium used to apply the stimuli, including air, pin, vibrator (Vib), filament, force, clamp, comb, balloon. The color bar means the number of studies.


The intelligence of mechanical stimulation is in the application and design of the stimulation, such as the use of a balloon implanted in the colon to inflate the intestine of the rat to achieve the stimulation effect of intestinal obstruction with gas (Lazovic et al., 2005; Tsurugizawa et al., 2009a). This is an effective way to mimic colorectal distention.

Abdominal pressure stimulation was used to simulate menstrual pain in NHP (Yano et al., 2019); a vibrator was used on the NHP forearm to create tactile stimulation for the fingers (Zhang et al., 2007, 2010); blowing into the eyes of rabbits was to induce blinking (Miller et al., 2008); clamping the tail of cats with nylon wire was to produce painful mechanical stimulation (Nagakubo et al., 2017); squeezing the right hind leg muscle was used to trigger BOLD change. All these stimulation methods can be used as reasonable and repeatable paradigms in experiments.

In addition to the electrical whisker stimulation mentioned in the part on electrical stimulation, there were other ways to stimulate the whisker barrel cortex in rodents through mechanical stimulation, such as using a mechanically driven comb or pneumatic connector (Lu et al., 2003, 2004, 2016). Mechanical stimulation could be achieved in a variety of ways, but the conduction pathway is relatively fixed. Different stimulation methods are suitable for different ROIs, so we should consider study aims and nuclear magnetic compatibility to select the appropriate stimulation methods in the study design.



Multiple stimulations

Single stimulation research started early. After a certain research foundation was established, the scholars turned to another blank area to explore the fMRI brain activation mode under the combination of various stimulation paradigms. Various combined stimulation studies have been carried out in the past decades, which can be seen from the distribution of time points (Figure 1A). The combination of stimulation is sometimes not merely a superimposed benefit but rather a multichannel study (Lambers et al., 2020) of peripheral stimulation delivery equipment required to produce the same stimulation inside and outside the magnet to simulate a more realistic environment. Studies of multisensory convergence of dynamic cortical activation with information integration processing and complex sensory processing regions depend on input from various stimulation modes (Sanganahalli et al., 2009). Similarly, the repeatability of studies also depends on constant stimulation and specific activation of brain regions, which is true in single-stimulation studies and should be true in multistimulation studies. In addition, the study on the multistimulation mode is more consistent with the process of information processing and environmental interaction in daily life (Cook et al., 2016; Cléry et al., 2017; Arsenault and Vanduffel, 2019), resulting in a coherent perception of the environment (Kayser et al., 2005). With optogenetics techniques and EM, some stimulation tasks that are difficult to complete in MRI scans can be modulated by these brain stimulation techniques to achieve the same benefits (Poplawsky et al., 2015; Leong et al., 2019). As mentioned above, the bidirectional regulation of optogenetics techniques has been combined with other stimulations. The comparison of the regulatory results of optogenetics combined interventions and EM intervention alone (Schmid et al., 2017) is more convincing (Ekstrom et al., 2008, 2009). With the combination of technologies and innovations, the research technology of magnetic resonance has become more extensive, which may also be a direction for future research.



Other stimulation

In the study on the stimulation paradigm, in addition to the above studies that can be clustered, some sporadic niche stimulation is classified as other stimulation, which includes chemical, thermal, and food stimulation. The chemical stimulation should consider the selection of chemical substances and the injection site. For example, some experiments injected cocaine during the scan (Mandeville et al., 2001, 2004), or the pain-causing substances into the forepaw or directly created a hyper-carbonated environment to cause hypoxia in the brain (Kannurpatti et al., 2003). In addition to the internal chemical stimulation, stimulation can also be applied to external sites. Pepper spray applied directly to the paws can have the same effect as electrical or mechanical stimulation (Kannurpatti et al., 2002).

Intragastric administration can direct food stimulation to observe BOLD changes in the brain regions associated with intestinal stimulation, such as the amygdala, hippocampus, and the ventral tegmental area (Tsurugizawa et al., 2009a,b, 2010). There are differences among various stimulation paradigms, but there are many overlaps in BOLD changes caused by stimulation and the selection of ROI (Mazzanti et al., 2011). Researchers can apply appropriate stimulation methods to the animal models to achieve their research goals.





Conclusion

The collection and analysis of animal functional magnetic resonance combined with stimulation show that anesthesia imaging still occupies the mainstream, and awake imaging studies have gradually appeared in recent years. Besides, the stimulation methods have gradually broadened with the progress of science and technology. Various devices and scanning technologies with high resolution and high specificity are constantly emerging, which makes the research more detailed. It is critical to choose a suitable paradigm combined with the research objectives, including the selection of stimulus mode and the setting of various parameters. Besides, a more innovative paradigm needs to be created and explored for animal functional magnetic resonance combined with stimulation needs to meet the demands of investigating the brain in future studies.
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Neuromodulation interventions, such as Deep Brain Stimulation (DBS) and repeated transcranial magnetic stimulation (rTMS), are proposed as possible new complementary therapies to treat substance use disorders (SUD) such as alcohol use disorder (AUD). It is hypothesized that neuromodulation may induce neural plasticity in the reward and frontostriatal systems via electrical field induction, possibly reducing symptoms. Preclinical self-administration rodent models of AUD may help us gain insight into the effects of neuromodulation therapies on different pathology, as well as the neural mechanisms behind the positive effects. DBS, or any type of brain stimulation using intracranial electrodes in rodents, would benefit from the use of magnetic resonance imaging (MRI) to study the longitudinal effects and mechanisms of stimulation as well as novel targets, as it is a non-invasive technique that allows the analysis of structural and functional changes in the brain. To do this, there is a need for MRI-compatible electrodes that allow for MRI acquisition with minimal distortion of the magnetic field. In this protocol, we present a method for the construction and surgery of chronically implantable monopolar carbon electrodes for use in rats. Unlike conventional electrodes, carbon electrodes are resistant to high temperatures, flexible, and generate fewer artifacts in MRI compared to conventional ones. We validated its use by using a focal electrical stimulation high-frequency (20 Hz) protocol that lasted ∼10 sessions. We propose that this technique can also be used for the research of the neurophysiological bases of the neuromodulatory treatment in other preclinical substance use disorders (SUD) models.
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Introduction

Neuromodulation encompasses technologies that apply electrical currents with a variety of parameters, through implanted or non-implanted electrodes, to achieve a functional activation or inhibition of a group of neurons, pathways, or circuits (Krames et al., 2009). The main neuromodulation techniques used in humans are repetitive transcranial magnetic stimulation (rTMS) and deep brain stimulation (DBS) (Klooster et al., 2016). Currently approved by the Food and Drug Administration (FDA), is rTMS therapy for adjunctive treatment for nicotine use disorder, and DBS for essential tremors, dystonia, obsessive-compulsive disorder, and Parkinson’s disease (Edwards et al., 2017). Alas, no consensus exists regarding the mechanisms of action involved in rTMS or DBS (Diana et al., 2017). The effects and mechanisms of neuromodulation in SUDs can be further tested through the use of animal models (Ankeny et al., 2014) which can provide valuable information. For instance, using magnetic resonance imaging (MRI) in longitudinal animal models for SUDs treated with neuromodulation, researchers may be able to find neuroimaging biomarkers (Aydin et al., 2019), effects, and mechanisms related to clinical outcomes, which could be later translated to human studies (Silva and Bock, 2008; Spanagel, 2017). To study focal repeated stimulation in rats, intracranial electrodes are currently a practical solution. However, there are a few major methodological challenges to use intracranial electrodes in longitudinal studies with MRI. Metal electrodes are most commonly used for stimulation in rats, yet are highly susceptible to create susceptibility artifacts (Dunn et al., 2009), which leads to the loss of signal around the region where the electrode is placed, as well as distortion and lower signal-to-noise ratio (SNR) (Redpath, 1998). For DBS studies in rodents, 140 μm diameter braided platinum/iridium wire electrodes (Van De Berg, 2015), 200 μm diameter braided stainless steel wires (Morimoto et al., 2011) and 250 μm braided silver wires have been used for DBS protocols in conjunction with simultaneous MRI and EEG acquisitions. Platinum/iridium and stainless steel electrodes induce a susceptibility artifact of twice the original electrode diameter and silver electrodes do not increase the artifact compared to the electrode diameter, but there is more signal around the longitudinal diameter of the electrode (Dunn et al., 2009; Young et al., 2011; Derksen et al., 2021). Carbon fiber electrodes have been used in neuroscience as an option for recording (Chuapoco et al., 2019; Joshi-Imre et al., 2019) and stimulating brain regions (Gallino et al., 2019). These electrodes have proven to be a better choice for the improvement of SNR with little to none MRI susceptibility artifacts, due to their physical properties like high resistance, light-weight, and low density, composed of a tensile of 900 GPa, with thermal conductivity of 1,000 W/mK and electric conductivity of 106 S/m (Zhao et al., 2019). However, the viability of its use in the treatment of SUDs and in longitudinal MRI studies has not been tested.

Therefore, this work aims to provide a simple and low-cost approach for assembling chronically implantable monopolar carbon electrodes and their use for repetitive focal stimulation in alcohol use disorder (AUD). Also, we proposed it can be used in other models of SUDs.



Materials and equipment


Methods

Tables 1, 2 list the materials and doses required to perform the electrode implantation surgery. The study was approved by the Animal Research Committee of the Instituto de Neurobiología at Universidad Nacional Autónoma de México No. 119-A. All surgical, experimental, and maintenance procedures were carried out in accordance with the Reglamento de la Ley General de Salud en Materia de Investigación para la Salud (Health General Law on Health Research Regulation) of the Mexican Health Ministry that follows the “Guide for the care and use of laboratory animals” (Mexicana Norma Oficial, 1999; National Research Council et al., 2011). Also in accordance with the recommendations of the Institute of Laboratory Animal Resources Commission on Life Sciences (Guide for the Care and Use of Laboratory Animals, 1996) and the Directive 2010/63/EU of the European Parliament and of the Council.


TABLE 1    Materials.

[image: Table 1]


TABLE 2    Medication and dosage.

[image: Table 2]



Animals

Twelve adults (male n = 6) and (female n = 6) Wistar rats (Rattus norvegicus albinus) were obtained on postnatal day 21 (P21) from the vivarium of the Institute of Neurobiology in Queretaro, Mexico. Animals were individually housed in standard cages in a room with a 12:12 dark cycle/light, controlled temperature (23°C), and had free access to food. No rats had to be excluded due to complications with the model, treatment, or surgery.



Experimental outline

The objective of this work was to validate the use of carbon fiber monopolar electrodes for chronic implantation in an ethanol self-administration model with longitudinal structural and functional MRI acquisition (Figure 1). Electrode implantation was performed once the ethanol self-administration model was established. For this model, we used the Intermittent access two-bottle choice (IA2BC) (Wise, 1973; Simms et al., 2008; Carnicella et al., 2014). Rats were individually housed at P35 and received at least 1 week of acclimatization with two bottles of water, the same to be used for the IA2BC model and handling. At P45, rats received 24-h sessions of free access to two bottle choices of water and 20% ethanol solution on Monday, Wednesday, and Friday, with 48-h withdrawal periods during the weekends. The placement of the bottles was alternated each drinking session to control for side preferences. During the withdrawal periods, rats received two bottles of water.


[image: image]

FIGURE 1
Experimental outline. T1 (Time 1) corresponds to the time encompassing the onset of IA2BC. T2 (Time 2) separates the 20-day period of abstinence. T3 (Time 3) corresponds to the phase of the model where the relapse phenomenon was observed. P, Postnatal age in days. EtOH, 20% ethanol.


As for the timeline, the IA2BC model started on P45 (Time 1 or T1) and lasted for 45 days which included 20 sessions in total, ending in P90. The electrode implantation surgery for stimulation was done at P90, with 10 days of recovery from surgery (Time 2 or T2). Later, at P110, the rats were MRI-scanned (Time 3 or T3). Between P110 and P144 the IA2BC was reestablished with 15 sessions in total to measure relapse and alcohol use. It was during this time that the repeated focal electrical stimulation intervention was applied. T3 was subdivided into 3-time points: pre-stimulation (PreStim), stimulation (Stim), and post-stimulation (PoStim). Before stimulation, we randomly divided the sample into sham (placebo) (n = 6) and active (n = 6) stimulation groups. The sham stimulation group was treated exactly the same way as the active group, except that, during the stimulation sessions, they did not receive any stimulation.



Carbon electrodes construction

The construction of the monopolar carbon electrodes was based on the Gallino et al. (2019) design. The electrodes were constructed using a cortical fiber of 0.28 mm in diameter and 1 cm in length (Easy Composites, Stroke on Trent, UK #CFROD-028) and an extracranial fiber of 2 mm in diameter and 5 mm in length (Good Winds, Mount Vernon, WA USA #CS070048) a 3D model of the electrode is shown in Supplementary Figure 1. The cortical fiber was isolated with 3 layers of spray rubber (Plasti Dip®) and both of the fibers were joined with a carbon epoxy (Atom Adhesives, Fort Lauderdale, FL, USA, #AA-CARB61), which conducts electricity between fibers. The final diameter of the cortical fiber was an average of 0.64 mm (Supplementary Figure 2). Finally, the resistance of the electrodes was measured with a voltmeter and marked with a range of 2–8 kω.



Surgical carbon electrodes implantation

From P80 to P90 rats were handled once a day for 5 min by caressing the top of their heads, where the electrodes will be placed later. This was to acclimate them to electrode manipulation and human-rat interactions. At P90 surgical procedure was performed; the technique was adapted from Matsumiya et al. (2012), Rigalli and Di Loreto (2016) and Santana-Chávez et al. (2020) (Figure 2).


[image: image]

FIGURE 2
Anesthesia and stereotaxic surgery. (A) Rat placed in the stereotactic device. Rat under anesthesia vaporized with 3% isoflurane, on stereotaxic frame base with head fixation and a heated cushion under the body. (B) Preparation of the skull and control of local bleeding. Scalp incision on the midline following the direction of the mid-sagittal suture. (C) Curettage of skull aponeurosis and cleaning with swabs. (D) Coordinate marking of implantation coordinates of nylon screws and carbon electrodes under the microscope, directed by stereotaxic frame tower. Trepans on the skull are the entry site for the cortical implantation of the electrodes. Also visible are the nylon screws that are placed to keep the fibers fixed to the skull and maintain their chronicity.



Preparation for anesthesia (∼5–10 min)

Rats were anesthetized with vaporized isoflurane (∼5% induction) 50/50 isoflurane/oxygen mixture, administered in an induction chamber. A deep anesthesia state was verified with the absence of withdrawal reflexes to pain. The induction with isoflurane took between 5 and 10 min and was maintained during the positioning of the rat in the stereotaxic apparatus. The rat was placed in a prone position maintaining a permeable airway with the aid of the incisor immobilizer bar and the intra-aural position pencils. Artificial tears were then administered to the eyes and then covered with clean gauze. A rat gas anesthesia mask was used in the stereotaxic setup. The heart rate was maintained at ∼300 beats per minute and the respiratory thoracic movement was watched frequently and checked to be around 70 per min, and be regular and harmonic on both sides of the thorax. A heating pad placed on the stereotaxic apparatus base helped maintain the body temperature at 37°C during the surgery. Next, diluted lidocaine to 0.5% was applied subcutaneously at < 7 mg/kg, at the zone where the first incision would be made. The rats were injected with intramuscular meloxicam at 0.3 ml/kg to reduce intraoperative inflammation.



Stereotaxic procedure (∼1 h 30 min)

Once in deep anesthesia, the maintenance dose was modified from an average of 1–1.5%. A midline scalp incision of approximately 2 cm was made using a #20 scalpel blade (Figure 2A). The incision starts posterior to the line of the eyes. Bregma and lambda bony landmarks were exposed. Then the skin was moved to the sides with a self-retaining retractor. A peristome was used to separate the periosteum from the cranium bone. Next, hydrogen peroxide was used to achieve hemostasis with the help of cotton swabs. The importance of this step was to make sure that there was no bleeding and to dry the bone as much as possible (Figure 2B). With the scalpel blade, superficial cuts on the cranium bone were drawn and later washed with saline solution and hydrogen peroxide. Once the cranium was dry and there was no apparent bleeding, one drop of N-butyl 2-cyanoacrylate glue was applied to the exposed surface (Figure 2C).



Electrodes placement

Using the tip of the tower of the stereotaxic frame, electrodes were placed with Micropore breathable paper tape. Lambda and bregma bony landmarks were measured with the help of the tip of the electrodes and made the adjustment of ≤ 0.1 mm of a difference between both bony marks. Parallel to lambda, about half a centimeter from the midline, 2 mm diameter circles were marked to place plastic screws (P1tec, Roanoke VA, USA #0-80 × 3/32N). Subsequently, trepans were made to place the screws. Bleeding control was done with sterile 0.9% saline and cotton-tip applicators (Figure 2D). Finally, the position of the screws was sealed with adhesive luting cement (C&B-Metabond®).



Stereotaxic coordinates

Under the sight of a surgical microscope, a dental drill was used to make one-millimeter diameter holes bilaterally into the skull at the prelimbic cortex (PrL) (Paxinos and Watson, 2006) (Bregma 3.2 AP, 0.4 ML, 3.7 DV) or “area 32” (Paxinos and Watson, 2013). The electrodes were placed carefully and slowly, acquiring the DV coordinate 1 μm at a time. Once in place, they were sealed in position with adhesive luting cement, and a layer of resin was applied around and between all the arrays and screws to create a strong head cap fixed to the skull. Once the edges are smoothed and dried, simple stitches with nylon 3–0 closed the wound and left exposed the electrodes’ extracranial fiber.



Postoperative care

Before the rat was removed from the stereotaxic apparatus, the vaporized anesthesia was stopped, but the oxygen supply was kept until spontaneous movement appeared. Meanwhile, to manage pain relief, and inflammation, meloxicam (0.3 ml/kg) was intramuscularly injected. A nitrofurazone ointment was applied along the wound, and 1 ml of saline 0.9% solution was injected between shoulder blades to maintain the electrolyte balance. The eyes were cleaned and artificial tears were applied once again. When the rat awoke, it was returned to a clean cage, and the bottom of the cage was covered with paper towels to prevent choking or ingestion of the bedding. Each rat was housed individually in cages and monitored closely for 7–10 days after the surgery. If active bleeding was detected, reddened skin, or any signs of discomfort, the nitrofurazone ointment was applied up to 3 times a day. If not, one application per day for 3 days was enough to facilitate healthy scar formation. Four rats out of 12 required wound care three times a day for 3 days, after that the healing process progressed smoothly.




Stimulation

Between P120 and P132, we began the stimulation protocol (Figure 3) during 10 sessions of 10 min for 10 consecutive days with 300 pulses (duration = 0.2 ms, intensity = 400 μA) at 20 Hz in 10 pulses per train of 2 s, and an inter-train interval of 20 s (Figure 4; Levy et al., 2007; Gersner et al., 2010). Stimulation was applied by means of GRASS S48 Square Pulse Stimulation connected to a GRASS stimulus isolation unit (SIU) and using metal alligators clips insulated exteriorly with Plasti Dip® and welded to flexible electronic cable 20 AWG. Each rat remained in its individual housing and was habituated for 10 days, prior to treatment, to the connection with the alligator clips.


[image: image]

FIGURE 3
Timing of electrical stimulation and IA2BC during Time 3. Design of the schedule for repetitive focal electrical stimulation consisting of 10 days with a daily session of 10 min, this period is shown within the blue rectangle between days 120 and 132 of the age of the rat. In total there were 15 sessions where there was a bottle of water and a bottle of alcohol (EtOH-H2O) to choose to drink, shown in blue. Between each of these sessions, they were offered two bottles of water (H2O-H2O).



[image: image]

FIGURE 4
Electrical stimulation design. With the parameters of 300 pulses (duration = 0.2 ms, intensity = 400 μA) high frequency of 20 Hz, in trains of 10 pulses every 2 s with an inter-train interval of 20 s. After the choice of the carbon electrode, the research protocol was carried out for 10 consecutive days for 10 min (Levy et al., 2007; Gersner et al., 2010; Moshe et al., 2016).


Just before being implanted intraoperatively, the electrodes were checked for conduction and verified with a voltmeter. Likewise, the length of the electrode was measured to determine that it preserved its integrity. As in the work of Olds and Milner (1954), the rats were in free movement, the stimulation region was related to the reward system, and given the intensity as well as the inter-train interval and the shape of the pulses, no visible locomotor impairment was expected, such as convulsions, tremors and gait deficiencies (Tehovnik, 1995). The above was qualitatively verified by the experimenter. None of the 12 rats reported in this experiment presented such side effects. It was reported that on average in the first 2 sessions of real stimulation, the 6 rats of the group showed interruption of exploratory, grooming, and sniffing behavior, remaining immobile for an average of 3 s aligned to the stimulation train. After that, only at the beginning of the stimulation session did they show this behavior throughout the rest of the sessions.



Magnetic resonance imaging

MRI scanning was done at the Resonance Unit for Rodents and other Animals (URRA), Laboratorio Nacional de Imagenología por Resonancia Magnética (LANIREM) at the Instituto de Neurobiología, UNAM campus Juriquilla, located in Querétaro, Qro, Mexico. Before the acquisition, rats were injected subcutaneously with dexmedetomidine 0.012 mg/kg (Sirmpilatze et al., 2019). During imaging, rats were anesthetized with vaporized isoflurane 5% at induction and 0.5% in a 50/50 mixture of oxygen and vaporized anesthesia. Image acquisition was conducted using a 7T Bruker Pharmascan (Bruker Pharmasan 70/16, US) with a 2 × 2 surface coil and acquired using Paravision 6.0.1. A 3D FLASH sequence T2w with 2 repetitions TR = 30.76 ms, TE = 5 ms, flip angle = 10°, and FOV = 25.6 × 19.098 × 25.6 mm and an isometric voxel of 160 microns, and GE EPI sequences were: (1) TR = 1,000 ms, TE = 20 ms, flip angle = 60, slice thickness = 1 mm, FOV = 30 × 30, number of slices = 24, volumes = 600 and axial as primary slice orientation, (2) TR = 1,800 ms, TE = 20 ms, flip angle = 60, slice thickness = 0.75 mm FOV = 30 × 30, number of slices = 32, volumes = 334 and axial as primary slice orientation. Both sequences were performed at P110 to verify the location of the electrodes and at P144, at the end of the stimulation protocol. All images were converted from Bruker format to nifti using the brkraw tool v0.3.3 (Lee et al., 2020). Anatomical images were preprocessed using an in-house pipeline developed by Gabriel A. Devenyi based on MINC-toolkit-v2 and ANTs which performed the following steps: intensity normalization, center image, denoising, and registering in LSQ6 alignment.1 The preprocessing in this manuscript was done for better visualization. Functional images were preprocessed using RABIES software.2 A quality control (QC) of the acquisitions was performed based on considering spatial resolution and contrast, artifacts, and SNR.




Results

Twelve rats conserved both stimulation electrodes and remained available for the stimulation protocol for the longitudinal follow-up. To ensure the feasibility of the electrode, we measured electrode resistance between sessions, and all the electrodes held their original values (2–8 kω). Additionally, MRI, as a non-invasive technique, was chosen for longitudinal monitoring, and the resulting images were anatomically compared to the Paxinos atlas (Paxinos and Watson, 2006; Figure 5). There were difficulties in adjusting the 2 × 2 surface coil in the male rats’ heads, hence to their body size plus the tip of the extracranial portion of the electrode, with this the acquisition resulted in a non-orthogonal position that later required an adjustment.


[image: image]

FIGURE 5
Structural MRI with a reference atlas (Paxinos and Watson, 2006) of Rat 2. (A) Coronal slide with atlas region PrL/A32 (prelimbic) region in red and the shadow of the electrode. (B) Render of rat brain dorsal view with electrodes marks and posterior to lambda two fixation screws. (C) Sagittal slide with atlas region PrL/A32 in red. (D) Schematic coronal slide from the atlas, with the left electrode on PrL/A32 and the right on the surface of the cortex.


No 3D FLASH and GE-EPI acquisition of any rat at P100 and P145 were discarded after QC. On the GE-EPI sequence, the electrode is shown as a black area, and there was no geometric distortion around the implantation (Figure 6).


[image: image]

FIGURE 6
Functional MRI of rat 2. In the middle of the green markers, the black shadow of the artifact induced by the carbon fiber is seen, without affecting the areas surrounding the electrode. Slices (A) sagittal (B) axial (C) coronal. Group GE EPI sagittal view is shown in Supplementary Figure 3.


Regarding the susceptibility artifact of the electrode in the T2w, the contrast of the area where the intracranial portion of the electrode was manifested as a black area. Around the electrode area, there were no displacement artifacts, geometric distortion, or signal loss (Hargreaves et al., 2011; Supplementary Figure 4). One of our main objectives was to prove that our electrodes would cause only a small lesion in the stimulation area, and with minimal inflammation. In the longitudinal follow-up of a rat in Figure 5, there were no structural changes measured with the 3D FLASH sequence, the measure of the major diameter in the landing area of the tip of the electrode was performed in all rats to calculate the mean and standard deviation of the lesions sizes. To corroborate the previous, we measured the lesion size at P100 and P145 of all twelve rats. A paired T-test was calculated to compare the lesion size at 2 points right after the surgical implantation P100 (Initial) (mean = 0.677 mm, SD = 0.111 mm) and at the end of the stimulation protocol P145 (After) (mean = 0.721 mm, SD = 0.152 mm). The average lesion size of the 12 rats was not significantly increased after the treatment (stimulation) application, t(11) = 1.19 p = 0.26, d = 0.344 (Figure 7).
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FIGURE 7
Lesion size in mm. A t-test was calculated to compare the lesion size at 2 points right after the surgical implantation P100 in blue (Initial) and at the end of the stimulation protocol P145 in red (After). The average lesion size of the twelve rats was not significantly increased after the treatment (stimulation) application, t(11) = 1.19, p = 0.26, d = 0.344.


Figure 8 shows the results on ethanol intake at all stages of the experiment (T1, T2, T3). The beginning of T3 is also the relapse phase, and all the rats increased their intake compared to the baseline. After the stimulation, there were no group differences in alcohol consumption. However, the individual plots showed high variability (Supplementary Table 1) in individual consumption. Two rats in the sham group, as well as 2 in the active group, reduced their ethanol consumption, while 2 rats in the active group and 1 in the sham group maintained their consumption stable. Two rats in the active group and 3 rats in the sham group increased their ethanol consumption after stimulation. Overall, our results show that 66% of the rats in the active group had a positive effect of stimulation/surgery, while 50% of the rats in the sham group also showed a reduction in consumption. A non-parametric method to compare means, Wilcoxon test, was used to assess the alcohol consumption of the sham and active stimulation groups at the times of pre-stimulation (PreStim) and post-stimulation (PoStim). For the active stimulation group, the median ethanol intake PreStim was 3.59 g/kg/24 h (IQR = 3), and PoStim 3.73 g/kg/24 h (IQR = 3.34) the differences were not significant p = 0.97 r = 0.0687 (Supplementary Figure 5A). The median ethanol intake PreStim for the sham stimulation group was 3.77 g/kg/24 h (IQR = 3.86), whereas the median PoStim was 3.27 g/kg/24 h (IQR = 3.40). The Wilcoxon test showed that the difference was not significant p = 0.77, with effect size r = 0.0395 (Supplementary Figure 5B).
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FIGURE 8
Mean EtOH intake and SD across phases of follow-up of the 12 rats. T1 or IA2BC development (baseline) is the 45 days where alcohol is offered in an elective model. The time for the surgery is marked with a blue dotted line (T2 or abstinence). T3 (relapse) comprehends a period before the stimulation treatment (PreStim) and the application of treatment under two conditions: sham/active (Stim) and a period of follow-up after the treatment (PostStim). (A) Mean and SD of the groups’ intake. (B) Individual mean ethanol intake and SD. Circled are the decreasing intakes between PreStim and PostStim evaluation of four rats.




Discussion

Without a doubt it was challenging to assemble electrodes that met the requirements (Geddes and Roeder, 2003), of being: (1) MRI compatible, (2) able to perform focal electrical stimulation, and (3) well accepted by the body chronically. For future studies, we intend to demonstrate that they are capable of recording electrophysiological signals as LFPs, based on the report that they maintained their integrity throughout our study. Here we describe a method for the construction of carbon monopolar electrodes (Gallino et al., 2019) and propose their use for focal electrical stimulation as an intervention in a preclinical model of AUD (McBride and Li, 1998). Because of the study design, treatment follow-up did not allow us to draw a subsample to cohort and assess electrode viability, so it was monitored by electrical resistance and MRI. From the above we obtained that the rats that received active stimulation expressed immobilization behavior on average during the first 2 sessions, interrupting their exploratory, grooming, and sniffing behavior for an average of 3 s aligned with the stimulation train, similar to what was previously reported as behavioral evidence of the effect of electrical stimulation (Olds and Milner, 1954). The importance of the intended intervention was to stimulate a brain region that is thought to be the human homolog of the dorsolateral prefrontal cortex, which is the most commonly stimulated target region in rTMS. This region, the prelimbic cortex (PrL) or area 32, is an essential hub of the mesocorticolimbic network (Koob, 2013). The nucleus accumbens (NAc) and prefrontal cortex (PFC) PrL, or medial PFC in rats (Laubach et al., 2018) are brain regions that promise to be therapeutic targets for SUDs. Previously, implanted stimulation methods in PFC have decreased alcohol consumption in humans (Voges et al., 2013) and cocaine in rats (Levy et al., 2007). In this work, we stimulated rats that were previously exposed to IA2BC, and we found that four subjects with the greatest consumption of ethanol, decreased their intake in comparison to their consumption at the beginning of relapse or T3. To explain why both sham and active conditions on those four rats had an effect, we agree with Chakravarty et al. (2016) findings, who proposed that there were changes at the level of synaptic connections in both active and sham stimulation. In their study, active stimulation revealed a remodeling of the structure of the vasculature so that the diameter of the vessels increased. They also found increased volume in the subjects who received stimulation in remote regions, suggesting that neuroanatomical rearrangement also occurs in remote regions connected across multiple synapses (Stone et al., 2011). For future studies, we will analyze the functional and structural effects of stimulation in this AUD model (Bashir et al., 2011), and apply it to other SUD models.

Lastly, the model and the stimulation protocol have limitations. Firstly the sample acquisition time is 124 days, secondly the IA2BC is performed in conditions of reverse cycle (dark/light) for that a room that meets this criteria is required and thirdly, as previously described by Carnicella et al. (2014), only 30–40% of the rats in the IA2BC model become high drinkers. All of the above conditions interfere with the sample size, and it is due to this that possibly no differences were established, taking into account the tendencies to decrease the consumption of the subjects in the groups with higher alcohol. Nevertheless, we are working on further experiments to increase the sample size.

In summary, this work describes chronic, MRI-compatible, carbon electrode implantation, and the use of focal electrical stimulation on a preclinical model of AUD with a longitudinal follow-up. Our findings suggest the possibility of decreasing ethanol intake after the stimulation protocol. Further work is needed to elucidate the effects of stimulation in AUD and other SUDs.
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Background: The diagnosis of sepsis associated encephalopathy (SAE) remains challenging in clinical settings because of a lack of specific biomarkers. Functional magnetic resonance imaging (fMRI) and proton magnetic resonance spectroscopy (1H-MRS) can be used to aid in the diagnosis of cognition related diseases. This study investigated changes in functional activities and brain metabolites in the hippocampus in SAE rats by fMRI and 1H-MRS.

Materials and methods: Sepsis associated encephalopathy rats underwent cecal ligation and perforation (CLP) surgery. The Morris water maze (MWM) test was then used to evaluate cognitive function. Resting state-fMRI and 1H-MRS scanning were performed 7 and 14 days after CLP surgery to reveal spontaneous neuronal activity and metabolite changes in the hippocampus. The amplitude of low-frequency fluctuation (ALFF) was used to evaluate spontaneous neuronal activity in the hippocampus. Creatine (Cr), Myo-inositol (mI), and glutamine/glutamate (Glx) levels were measured with 1H-MRS scanning. Immunofluorescence and levels of interleukin (IL)-1β, interleukin (IL)-6, and C-reactive protein (CRP) in the hippocampus were additionally detected to evaluate microglial mediated inflammatory responses. Statistical analysis was performed to evaluate correlations between hippocampal metabolism and behavioral findings.

Results: Cecal ligation and perforation treated rats exhibited impaired learning and memory function in the MWM test at days 7 and 14. Elevation of IL-1β in the hippocampus, as well as immunofluorescence results, confirmed severe neuro inflammation in the hippocampus in SAE rats. Compared with the sham group, the ALFF of the right CA-1 area of the hippocampus was higher at day 7after CLP surgery. The Glx/Cr and mI/Cr ratios were enhanced at day 7 after CLP surgery and slightly lower at day 14 after CLP surgery. The ALFF value, and Glx/Cr and mI/Cr ratios were negatively correlated with time spent in the target quadrant in the MWM test.

Conclusion: Spontaneous neuronal activity and metabolites showed significant alterations in SAE rats. The elevated ALFF value, Glx/Cr ratio, and mI/Cr ratio in the hippocampus were positively associated with cognitive deficits. Changes in ALFF and metabolites in hippocampus may serve as potential neuroimaging biomarkers of cognitive disorders in patients with SAE.

KEYWORDS
cecal ligation and puncture (CLP), hydrogen proton magnetic resonance spectroscopy (1H-MRS), neural inflammation, resting-state functional magnetic resonance imaging (rs-fMRI), sepsis-associated encephalopathy (SAE)


Introduction

Sepsis-associated encephalopathy (SAE) is one of the most serious complications of sepsis characterized by delirium and cognitive dysfunction (Tauber et al., 2021). More than 50% of surviving patients with sepsis suffer from severe and long-term cognitive deficits (Chung et al., 2020). In general, neuroinflammation, metabolic disorders, and depressed spontaneous neuronal activity have been considered to be causative factors for cognitive impairment in SAE patients (Peng et al., 2021). Studies have shown that the levels of inflammatory cytokines, such as interleukin (IL)-1β, interleukin (IL)-6, and tumor necrosis factor α, increase significantly in the hippocampus of SAE rats, accompanied by microglial activation (Tauber et al., 2021). But the research in metabolites and excitability of neurons in SAE patients by non-invasive and objective methods was limited.

Recently, neuroimaging studies investigated brain functional and metabolic changes with functional magnetic resonance imaging (fMRI) and hydrogen proton magnetic resonance spectroscopy (1H-MRS) in various neurodegenerative diseases (Piersson et al., 2021). Resting-state fMRI (rs-fMRI) detected the blood oxygenation level dependent (BOLD) signal, and provided information on regional spontaneous neuronal activity with the amplitude of low-frequency fluctuation (ALFF), which is the most commonly used analysis method for fMRI (Zou et al., 2008; Huang et al., 2021). A decreased ALFF values in the right hippocampus was shown to be directly related to the deterioration cognitive function in mild cognitive impairment patients (Tao et al., 2019). However, more researches were needed to investigate the trends of ALFF value in hippocampus of SAE rats. Besides rs-fMRI imaging analysis, 1H-MRS has been shown to be an accurate tool for gaining insights into brain metabolic function. Metabolic alterations which were detected by 1H-MRS provide valuable information on cerebral diseases (Hsu et al., 2021). Myo-inositol (mI) indicated microglial-induced neuroinflammation in the brain (El-Abtah et al., 2022 Feb), while the increased concentration of glutamate/glutamine (Glx) was found in patients with hepatic encephalopathy (Kuan et al., 2021). To date, whether these metabolic alterations present in the hippocampus of SAE rats remains unclear. Further research is needed on whether these metabolic alterations are due to sepsis and can be correlated with cognitive related behaviors.

Since sepsis is a heterogeneous and complex pathology, in vivo models are valuable tools to explore its underlying mechanisms. The cecal ligation and puncture (CLP) surgery yields reliable outcomes of sepsis associated encephalopathy in rats (Gao et al., 2021). Previous studies have found that serious inflammation of the hippocampus lasted 15 days post CLP surgery, and that the result of cognitive related behavior tests performed 1–2 weeks post CLP surgery indicated a significant cognitive decline in SAE rats (Li et al., 2020). The hippocampus participates in mediating cognition and emotion. Our previous studies suggest that abnormal hippocampal inflammation is an essential pathogenic trait of SAE (Cai et al., 2021). Neuro inflammation in the hippocampus caused by SAE may lay the groundwork for the cognitive dysfunction. However, it remains unknown the relationship between neuro inflammation and metabolic alterations, as well as impairs cognitive function in SAE rats.

In the present study, we examined brain ALFF and metabolites changes in the hippocampus of SAE rates during 7–14 days post CLP surgery by rs-fMRI and1H-MRS. We further investigated the relationship between Morris water maze tests and rs-fMRI results at 7 and 14 days post CLP surgery in SAE rats. The serum levels of IL-1β and IL-6, as well as immunofluorescence, were also analyzed at the same time points. The objective of this research is to investigate the features of ALFF and metabolite changes in hippocampus of SAE rats, and to further explore its relationship with impairment of cognitive functions in SAE rats. Our findings may provide potential reference for comprehension of the neural mechanisms underlying SAE.



Materials and methods


Animal model

All animal procedures were approved by the Institutional Animal Care and Use Committee of Nanjing Medical University (IACUC: 2103051; Animal Use Permit SYXK(Su)2020-0022). In total 24 adult male Sprague Dawley rats (Nanjing, Jiangsu Laboratory Animal Center, China; 8 weeks, 280–320 g) were divided into three groups, sham group, day 7 post CLP group and day 14 post CLP group. The room in which the rats were housed was maintained at 22°C with a 12-h light–dark cycle. The animals were treated humanely with free access to food and water with regard for alleviation of suffering.

For surgical procedures, rats were anesthetized by pentobarbital sodium at a dose of 35 mg/kg intraperitoneally (i.p.) according to previous research (Rittirsch et al., 2009). CLP surgery was performed on 16 rats to induce sepsis. Briefly, under aseptic conditions, a 3 cm midline laparotomy was performed to allow exposure of the cecum with adjoining intestine. The cecum was then ligated tightly with a 3.0 silk suture at its base under the ileocecal valve and punctured twice with a 22-gauge needle. The cecum was then gently squeezed to extrude a small amount of feces from the perforation site. The cecum was returned to the peritoneal cavity, and the laparotomy incision was closed with 4-0 polyglactin sutures. Following surgery, fluid losses were replenished by administration of 5 ml/100 g of warm (37°C) isotonic saline i.p., and the rats were placed in their cages. In the sham group, under aseptic conditions, only laparotomy was performed, and the cecum was neither ligated nor punctured. All animals displayed signs of encephalopathy at 24 h post CLP surgery (lethargy, mild ataxia, lack of spontaneous movement).



MRI acquisition

Following CLP surgery, all animals were subjected to MRI of their brain, 7 days and 14 days post-CLP surgery. MRI scans were performed with a 7 Tesla horizontal bore magnet (Bruker Biospec 7T/20 USR; Bruker, Karlsruhe, Germany). Accurately 2% isoflurane in oxygen and air was used to produce anesthesia. The rats were then placed in a prone posture on a small animal MRI scan bed and their heads were fixed with dental hooks and ear bars to reduce head movements. Throughout the scanning period, the degree of anesthesia was maintained by modulating the isoflurane concentration (2–2.5%) to preserve the respiration rate of 80–100 breaths per minute and oxygen saturation of 95–100%. Magnetic resonance scanning was started after the respiration, heart rate and saturation of rats were observed to be stable. Fast spin-echo T2 weighted MR images were obtained for visualizing the structure of the brains with the following parameters: slice = 25, repetition time (TR)/echo time (TE) = 3000/33 ms, FA = 90°, TA = 4 min 48 s, SI = 1.00/1.00 mm, FOV = 3.17/2.50 cm, image size = 256. Functional images were obtained using BOLD sequence, TR/TE = 2000 ms/25 ms, slices = 18, slice thickness = 1 mm, TA = 5 min, image size = 128 × 128, flip angle = 90°, repetition = 150, FOV = 28.80/18.00 mm, Image resolution = 128 × 128.



Resting-state functional magnetic resonance imaging data preprocessing and analysis

The first ten volumes of rs-fMRI data were discarded for MRI signaling to reach a steady state. Then, the images were realigned in a time series. Those on which the head moved by more than 0.2 mm and 2 degrees were excluded. We first magnify the BOLD image by 10 times (Suzuki et al., 2013), and then the BOLD images were registered to T2 structure images of each rat by non-linear transformation. Following, the images were registered to Wistar rat brain templates (resampling voxel size = 3 mm × 3 mm × 3 mm) using the Statistical Parametric Mapping package in SPM8.1 Next, the fMRI image voxels were spatially normalized to 0.3 × 0.3 × 0.3 mm and smoothed with an isotropic Gaussian kernel (FWHM = 0.4 mm) as actual sizes of rats. The time series for each voxel was transformed to the frequency domain and the power spectrum was then obtained. The square root was calculated at each frequency of the power spectrum and the average square root was obtained across 0.01–0.08 Hz at each voxel. This averaged square root was taken as the ALFFs were normalized by the mean within-brain ALFF value for each subject with DPABI software.2 We performed an ANOVA among the three groups (sham vs. day 7 post CLP vs. day 14 post CLP) using the toolbox in SPM8. After significant clusters were generated within a binary mask, post-hoc two-sample t-tests were performed between the two experimental groups within the previously generated mask. All significance tests were conducted at an FDR threshold of P = 0.005. We abstracted right CA-1 area from ANOVA analysis results, and the ALFF values of the right CA-1 area of hippocampus were extracted from mean within-brain ALFF maps. These ALFF values were used as biomarker to evaluate brain function of rats.



Hydrogen proton magnetic resonance spectroscopy acquisition and analysis

Hydrogen proton magnetic resonance spectroscopy scans were performed after fMRI scan using 7 Tesla MRI scans. A Fast Spin Echo T2W image was performed to position 1-H MRS voxels of the hippocampus using an ultrashort echo time (TR/TE = 2500/16.6 ms) spectroscopy method. The target voxel of interest = 2 × 2 × 1 mm3 with a TA = 5 min 20 s. After extracting MR spectra in these groups, we analyzed and quantified the curve using Mestrenova software.3 The compound was located by the position of the curve crest, N-acetylaspartate (NAA) located at 2.02ppm, creatine (Cr) located at 3.05 ppm, choline-compound (Cho) located at 3.20 ppm, Myo-inositol (mI) located at 3.56 ppm, lipid (Lip) located at 1.30 ppm and glutamine/glutamate (Glx) located at 3.75 ppm. The areas under a peak of NAA, Cr, Cho, mI, and Glx were measured, and the Cho/Cr, Glx/Cr, mI/Cr, NAA/Cho, and Lip/Cr ratios were determined.



Hippocampus-dependent behavioral tasks

Cognitive functions of spatial learning and memory were evaluated in the three groups rats by MWM test according to the methods of Wang et al. (2017). The diameter of the pool and the platform were 180 and 10 cm, respectively, and the platform was placed 2 cm below the water. The temperature of water was kept range from 22 to 24°C. The tests were recorded by a camera that was hung above the pool and the results were analyzed by ANY maze Video Tracking System (Stoelting Co., Wood Dale, IL, USA). The rats in the sham group and day 7 post CLP group were subjected to the MWM during day 3–7 post CLP surgery, while the rats in the day 14 CLP group were subjected to the MWM during day 10–14 post CLP surgery. During the continuous 4 days of training, each rat was released into the pool to find a platform placed under the water. This was performed four times from every different quadrant each day. The escape latency was recorded for each training session. Space exploration training was performed at the end day of the MWM test. The platform was removed, and all rats were monitored for 60 s in order to observe the time spent in the target quadrant and frequency of crossing the platform.



Enzyme-linked immunosorbent assay

The hippocampus was removed after the rats were sacrificed, lysed with radioimmunoprecipitation assay (RIPA) buffer (Abcam, ab156034, Cambridge, UK), homogenized and centrifuged at 20,000 g for 1 min at 4°C. The levels of IL-1β, IL-6, and CRP were determined by ELISA kits (Solarbio, Beijing, China) according to the manufacturer’s instructions, and the absorbance was measured with a micro-plate reader at 450 nm [optical density(OD) value].



Immunofluorescence

The rats were injected i.p. with pentobarbital sodium, and the brains harvested at 7 and 14 days post-surgery. Brains were fixed in 4% paraformaldehyde for 24 h at room temperature, embedded in paraffin, and cut into 5-μm coronal sections. The sections were blocked with 1% bovine serum albumin and incubated overnight at 4°C with a primary antibody against Iba-1 (1:100; Abcam, ab178846, Cambridge, UK), and then with a goat anti-rabbit IgG H&L (Cy3) (1:100, Abcam, ab6939) for 1 h at 4°C. Sections were then counterstained with 4,6-diamidino-2-phenylindole for 10 min at room temperature. Images were taken using a servicebio fluorescence microscope (Pannoram) and the fluorescence intensity of Iba-1 was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Statistical analysis

Data are presented as mean ± SD was analyzed and were analyzed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 8 (GraphPad Software, San Diego, USA). Behavior test results, ALFF values, metabolism concentrations and ELISA results were analyzed using one-way ANOVA, followed by Tukey’s honest significant difference test. Statistical significance was accepted at p < 0.05. The relationships between ALFF values, metabolism concentrations, and total time spent in the target quadrant in MWM were explored using Spearman’s correlation analysis.




Results


Cecal ligation and perforation surgery induced amplitude of low-frequency fluctuation value abnormalities in sepsis associated encephalopathy rats

After CLP surgery intervention, compared with the sham group, the ALFF values in the day 7 post CLP group were higher in the right cornu ammonis-1 (CA-1) area, left fasciola cinereum (FC), and hypothalamic region (HR) compared with sham group (p < 0.005, FDR corrected, n = 8, Figure 1A). The ALFF values were lower in the left FC, right deep layers of the superior colliculus (SC) and subiculum in the day 14 post CLP group (p < 0.005, FDR corrected, n = 8, Figure 1B). The ALFF value of right CA-1 followed the rule of “enhanced-decreased” at day 7 and 14 post CLP surgery (Figure 1C). The number of voxels and Montreal Neurological Institute (MNI) coordinates of the abnormal brain regions in rats of CLP groups were listed in Table 1.
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FIGURE 1
The amplitude of low-frequency fluctuation (ALFF) differences in the day 7 post cecal ligation and perforation (CLP), and day 14 post CLP groups. Warm (red-yellow) colors represent increased and cold (blue-green) colors decreased ALFF values in the day 7 post CLP, and day 14 post CLP groups. (A) ALFF values were higher in the right CA-1, left FC, and HR in the day 7 post CLP group. (B) The left FC, right deep layers of the SC, CA-1, and subiculum showed lower ALFF in the day 14 post CLP group (n = 8 in each group. FDR corrected p < 0.005, cluster size > 10 voxels). (C) The ALFF value of right CA-1 was significantly higher in the day 7 post CLP group than sham group, but lower in day 14 post group (n = 8, *p < 0.05, compared with sham group, #p < 0.05, compared with day 7 post CLP group, analyzed by one-way ANOVA). CA-1: Cornu ammonis-1; SC: deep layers of the superior colliculus; FC: fasciola cinereum; HR: hypothalamic region.



TABLE 1    Regions showing amplitude of low-frequency fluctuation (ALFF) differences among the sham, day 7 post cecal ligation and perforation (CLP), and day 14 post CLP groups.
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Altered brain metabolism in the hippocampus post cecal ligation and perforation surgery

Metabolites in the hippocampus were detected by 1H-MRS, and the spectrums are shown in Figure 2. There was no significant difference among the three groups in the Cho/Cr ratio (p > 0.05, Figure 3A). Significantly higher Glx/Cr and mI/Cr ratios were observed on day 7 and 14 post CLP surgery. Compared with the day 7 post CLP group, the Glx/Cr and mI/Cr ratios were significantly lower on day 14 post CLP group (p < 0.05, Figures 3B,C). The NAA/Cho metabolite ratio was significantly lower in the day 7 post CLP group than in sham group (p < 0.05). However, NAA/Cho ratio in the day 14 post CLP group was higher than that in day 7 post CLP group (p < 0.05, Figure 3D). The ratio of Lip/Cr rose continuously after CLP surgery, compared with sham group (p < 0.05, Figure 3E).
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FIGURE 2
Metabolites in the hippocampus detected by 1H-MRS. Metabolites in the hippocampus were analyzed by 1H-MRS, and the spectrums determined by MestReNova. The representative metabolite spectrum in the hippocampus of rats and region position in the coronal image in the sham group (A); in the day 7 post CLP group (B); in the day 14 post CLP group (C).
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FIGURE 3
Metabolite analysis among the three groups. There was no obvious difference in the (A) Cho/Cr ratio among the groups (p > 0.05, analyzed by one-way ANOVA, n = 8); The Glx/Cr (B) and mI/Cr ratios (C) were significantly increased in the hippocampi of day 7 post CLP group, but were obviously lower in day 14 post group. (D) NAA/Cr ratios in the right hippocampus generally followed the rule of “decreased-enhancement” post CLP surgery. (E) Lip/Cr ratios increased gradually post CLP surgery (*p < 0.05, compared with sham group, #p < 0.05, compared with day 7 post CLP group, analyzed by one-way ANOVA) (n = 8. Data are expressed as the mean ± SD).




Cecal ligation and perforation surgery enhanced microglia related inflammation in sepsis associated encephalopathy rats

We examined the expression of IL-1β (Figure 4A), IL-6 (Figure 4B), and CRP (Figure 4C) to assess the severity of inflammation in hippocampus of SAE rats. It was observed that IL-1β, IL-6, and CRP levels in hippocampus of SAE rats were notably higher than those in the sham group (p < 0.05). The expression of IL-1β in the day 14 post CLP group were significantly lower than those in the day 14 post CLP group (p < 0.05). However, the expression of IL-6 was higher in the day 14 post CLP group than that in day 7 post CLP group (p < 0.05). No significant difference in CRP levels was found between the day 7 and 14 post CLP groups.
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FIGURE 4
Cecal ligation and perforation surgery enhanced microglia related inflammation in hippocampus of SAE rats. The difference in panel (A) IL-1β, (B) IL-6, and (C) CRP levels in hippocampus among the three groups. (D) The intensity of Iba-1 in the hippocampus detected by immunofluorescence staining (*p < 0.05, compared with the sham group, #p < 0.05, compared with day 7 CLP group, analyzed by one-way ANOVA, n = 8). Data are expressed as the mean ± SD. (E) Representative immunofluorescence staining of Iba-1 (red) in the hippocampus, n = 8 per group.


Ionized calcium binding adaptor molecule-1 (Iba-1) immunofluorescence staining was performed to detect the microglial distribution in the hippocampus (Figure 4E). In the day 7 post CLP groups, the fluorescence intensity of Iba-1 increased significantly than that in the sham group, but decreased in day 14 post CLP group compared with day 7 post CLP group (Figure 4D). These results indicated that Iba-1-positive cells gathered in the hippocampus after CLP surgery.



Cecal ligation and perforation surgery deteriorates cognitive performance in the Morris water maze task

To evaluate CLP-induced memory impairment over time, we studied the learning and memory performance of rats at 7 and 14 days after CLP surgery by MWM test. The tracks of rats in probe tests of MWM were shown in Figure 5A. During the training session of MWM, the rats in day 7 post CLP group exhibited decreased in learning function, as was demonstrated by increased latency to platform. However, the platform latency changed little in day 14 post CLP group compared with that in day 7 post CLP group (Figure 5B). In the space exploration experiment, memory performance of the rats was analyzed in terms of the time spent in the target quadrant of MWM test. CLP treated rats exhibited decreased duration in the target quadrant at 7 and 14 days (Figure 5C). Furthermore, CLP surgery decreased the number of crossing platform at 7 and 14 days post CLP (Figure 5D). However, the differences in the time spent in the target quadrant and the times of crossing the platform were not significantly between 7 and 14 post CLP groups. The results suggested that the learning and memory functions of CLP treated groups were impaired from 7 to 14 days after CLP surgery in the Morris water maze test.
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FIGURE 5
Cecal ligation and perforation surgery deteriorates cognitive performance in the MWM task. (A) The typical tracks of rats in the three groups in the probe test. (B) The latency of finding the hidden platform in on training days (*p < 0.05, versus sham group, n = 8) analyzed by repeated measures ANOVA and Tukey’s post hoc comparison. (C) The time spent in the target quadrant in the probe trail and (D) the number of crossings the platform location (*p < 0.05, versus sham group, n = 8) analyzed by one-way ANOVA. Data are expressed as the mean ± SD.




The correlation analysis between the amplitude of low-frequency fluctuation values, metabolites, and behavioral parameters

As we found that the ALFF values and Glx/Cr and mI/Cr ratios fluctuated post CLP surgery, we evaluated the correlation between ALFF values of the CA-1 region with Glx/Cr and mI/Cr ratios and behavior test results. The ALFF value of the right CA-1 was negatively correlated with the total time in spent in the target quadrant, which reflected the capacity of episodic memory (Figure 6A; r2 = 0.520, p = 0.0016). We also analyzed the correlation between metabolites and time spent in the target quadrant. The mI/Cr ratio was negatively correlated (Figure 6B; r2 = 0.630, p = 0.0002), whereas the Glx/Cr ratio was negatively correlated (Figure 6C; r2 = 0.479, p = 0.003), with time spent in the target quadrant.
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FIGURE 6
The ALFF values and metabolites in the hippocampus were negatively correlated with duration in the target quadrant. (A) The ALFF value of the right CA-1 was negatively correlated with total time spent in the target quadrant (r2 = 0.520, p = 0.0016). (B) The mI/Cr ratio was negatively correlated with target time spent in the target quadrant (r2 = 0.630, p = 0.0002). (C) The Glx/Cr ratio was negatively correlated with total time spent in the target quadrant (r2 = 0.479, p = 0.003). The red samples represented the rats from day 7 post CLP group, and black samples from day 14 post CLP group.





Discussion

In this study, we measured the ALFF value and metabolite changes in the hippocampus during the progression of sepsis associated cognitive impairments 7 and 14 days post CLP surgery. We found that the ALFF values in the right CA-1 area of the hippocampus was higher at day 7 post CLP surgery than sham group, and lower at 14 days post CLP surgery. Conversely, the Glx/Cr and mI/Cr ratios were higher at day 7 post CLP surgery and were lower at 14 days post CLP surgery; trends of which were coincident with IL-1β levels in the hippocampus. Furthermore, ALFF value of right CA-1, the Glx/Cr and mI/Cr ratios were negatively related to cognitive function, suggesting brain ALFF values and metabolite alterations can be used to evaluate cognitive deficits in SAE rats.

It is known that SAE is the most common cause of encephalopathy in medical-surgical ICUs. The neural metabolic disturbance sand functional deficits in the CNS are responsible for cognitive impairment of SAE patients (Xie et al., 2022). Previous studies have shown that the diagnosis of SAE relies on questionnaires such as the Confusion Assessment Method for the ICU, as well as delirium screening tools (Feng et al., 2019; Klawitter et al., 2020). Currently, rs-fMRI is gaining growing popularity in the clinical evaluation of cognitive impairment such as Alzheimer’s disease, post-traumatic stress disorder, and post-operative cognitive dysfunction (Herringa, 2017; Zhang et al., 2019), but studies on its use in SAE patients are still limited. In our study, we found significantly higher ALFF values in the right CA-1, left FC, and HR in SAE rats at 7 days post CLP surgery by rs-fMRI. Conversely, the ALFF values were lower in the left FC, right deep layers of the SC, CA-1, and subiculum at 14 days post CLP. The regions studied, including the FC, CA-1, and subiculum are important components of the hippocampus, which play a significant role in spatial learning and memory in rats. The relationship between ALFF values and cognitive function test remains to be further elucidated.

The hippocampus is well known for its role in long-term memory and MWM-associated spatial learning and memory in rodents has been linked to the hippocampus (Liu et al., 2021). As CLP surgery has been shown to cause sustained cognitive impairment 5–15 days post-surgery and a previous study performed the MWM test at 1–2 weeks post CLP surgery to assess cognitive function in SAE rats (Shen et al., 2020; Giridharan et al., 2022), we further analyzed the ALFF values and metabolism changes during the same time period. In our results, the increased ALFF values in the hippocampus supported the deteriorated behavioral results in the MWM test, which was consistent with a previous studies using the MWM test to evaluate hippocampal function (Barnhart et al., 2015). As shown in previous research, the brain functional connection between right hippocampus and thalamus increased in CLP induced SAE rats, and the enhanced functional values between the two regions were negatively correlated with behavioral performance in rats with SAE (Yao et al., 2022). These results suggested that CLP surgery not only increased regional spontaneous neuronal activity in hippocampus, but also enhanced the functional connection between hippocampus and other brain regions. This is in agreement with the findings of a previous study indicated that changes in hippocampal function biomarkers detected by fMRI might reflect the spatial memory ability of rats (Shah et al., 2019). Therefore, the ALFF values of the right CA-1 area are an excellent biomarker to evaluate the cognitive function in SAE rats.

In recent years, 1H-MRS has been widely used to detect neurochemical alterations in specific brain regions of patients with brain tumors, indicating that metabolic changes can be used as biomarkers to identify brain tumors (Liu et al., 2021). In the present study, we obtained 1H-MRS data from the hippocampi of rats in the sham and CLP surgery groups. The mI/Cr ratio, a marker for the glial cell proliferation, was significantly increased in the day 7 and 14 post CLP group, consistent with the trend of IL-1β levels in serum. Recent research demonstrated that mI can cause glial cells differentiation, and that the elevation of the mI/Cr ratio is often interpreted to reflect glial cell activation (Schnider et al., 2020). With a focus on changes in immunofluorescence staining results after CLP surgery, we observed that microglial cells activated in the hippocamp of SAE rats, which supported the hypothesis that the mI/Cr can reflect central inflammation in SAE rats. We also found the Glx/Cr ratio was elevated in the day 7 and 14 post CLP groups. Recent studies have shown that higher Glx/Cr ratio was obvious in minimal hepatic encephalopathy patients (Chen et al., 2020). The increase in the levels of intracellular glutamine leads to osmotic dysregulation and astrocyte swelling in hippocampus (Karczewska-Kupczewska et al., 2018). In addition to the findings presented above, we detected the higher mI/Cr and Glx/Cr ratios were negatively correlated with time spent in the target quadrant of MWM test. Our results demonstrate that the mI/Cr and Glx/Cr ratios are significant bio-markers in the CLP induced SAE rat model. As there is mounting evidence that differences in metabolites are evident in early SAE rats, future studies to assess cognitive decline of SAE patients by 1H-MRS are needed.

There were some limitations in our study. First, we did not distinguish between lipid and lactate, since these two metabolites show overlapping resonance frequencies (chemical shifts) at 1.33–1.35 PPM. Observations of higher Lip/Cr may reflect neuronal damage in SAE rats, a finding that awaits further investigation with newer acquisition techniques. Furthermore, we only tested the rats in at day 7 and 14 post CLP surgy by rs-fMRI and pathological methods; long-term observation should be administered in future study. In regard to pre-processing methods of BOLD signal, we only registered the BOLD images by non-linear transformation. We would improve pre-processing methods to reduce the distorted regions and guarantee the BOLD signal reliability by the 3D reversed phase encoding method in our further study.



Conclusion

In conclusion, this study applied rs-fMRI and 1H-MRS to detect functional and metabolites changes in the hippocampus of SAE rats. Briefly, we conclude from the present study that alterations in ALFF values and the mI/Cr and Glx/Cr ratios in the hippocampus are negatively related to cognitive function in SAE rats. Furthermore, microglial activation and accompanied inflammation were closely related to brain function during early SAE. Further research will help to improve the understanding of earlier identification of cognitive deficits in SAE.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Nanjing Medical University (IACUC: 2103051).



Author contributions

HJL, HB, and HSL designed the research. HJL, HSL, YX, and CZ performed the research. HJL, YS, YC, SS, and XX collected and analyzed the data. YS and HB provided the administrative support. HJL, QL, and HB drafted the manuscript. All authors edited and approved the manuscript.



Funding

This work was supported by grants from the National Natural Science Foundation of China (grant numbers: 81971872 and 81873954).



Acknowledgments

We thank Dandan Liang for her help with the MRI scan and Jing Xiao for his critical comments on the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Footnotes

1     https://www.fil.ion.ucl.ac.uk/spm/

2     http://rfmri.org/dpabi

3     https://resources.mestrelab.com


References

Barnhart, C. D., Yang, D., and Lein, P. J. (2015). Using the morris water maze to assess spatial learning and memory in weanling mice. PLoS One 10:e0124521. doi: 10.1371/journal.pone.0124521

Cai, M., Du, B., Si, Y., Miao, J., Ge, J., Zhang, J., et al. (2021). Knockdown of VDAC1 alleviates the cognitive dysfunction secondary to sepsis-associated encephalopathy. Am. J. Transl. Res. 13, 7538–7555.

Chen, L. H., Shi, J. Y., Zou, T. X., Zhang, L., Gou, Y., Lin, Y., et al. (2020). Disturbance of thalamic metabolism and its association with regional neural dysfunction and cognitive impairment in minimal hepatic encephalopathy. Eur. J. Radiol. 131:109252. doi: 10.1016/j.ejrad.2020.109252

Chung, H. Y., Wickel, J., Brunkhorst, F. M., and Geis, C. (2020). Sepsis-associated encephalopathy: From delirium to dementia? J. Clin. Med. 9:703. doi: 10.3390/jcm9030703

El-Abtah, M. E., Wenke, M. R., Talati, P., Fu, M., Kim, D., Weerasekera, A., et al. (2022). Myo-inositol levels measured with MR spectroscopy can help predict failure of antiangiogenic treatment in recurrent glioblastoma. Radiology 302, 410–418. doi: 10.1148/radiol.2021210826

Feng, Q., Ai, Y. H., Gong, H., Wu, L., Ai, M. L., Deng, S. Y., et al. (2019). Characterization of sepsis and sepsis-associated encephalopathy. J. Intensive Care Med. 34, 938–945. doi: 10.1177/0885066617719750

Gao, M., Yu, T., Liu, D., Shi, Y., Yang, P., Zhang, J., et al. (2021). Sepsis plasma-derived exosomal miR-1-3p induces endothelial cell dysfunction by targeting SERP1. Clin. Sci. 135, 347–365. doi: 10.1042/CS20200573

Giridharan, V. V., Generoso, J. S., Lence, L., Candiotto, G., Streck, E., Petronilho, F., et al. (2022). A crosstalk between gut and brain in sepsis-induced cognitive decline. J. Neuroinflamm. 19:114. doi: 10.1186/s12974-022-02472-4

Herringa, R. J. (2017). Trauma, PTSD, and the developing brain. Curr. Psychiatry Rep. 19:69. doi: 10.1007/s11920-017-0825-3

Hsu, C. H., Lin, S., Ho, A. C., Johnson, T. D., Wang, P. C., Scafidi, J., et al. (2021). Comparison of in vivo and in situ detection of hippocampal metabolites in mouse brain using (1) H-MRS. NMR Biomed. 34:e4451. doi: 10.1002/nbm.4451

Huang, L., Huang, G., Ding, Q., Liang, P., Hu, C., Zhang, H., et al. (2021). Amplitude of low-frequency fluctuation (ALFF) alterations in adults with subthreshold depression after physical exercise: A resting-state fMRI study. J. Affect. Disord. 295, 1057–1065. doi: 10.1016/j.jad.2021.08.094

Karczewska-Kupczewska, M., Nikolajuk, A., Filarski, R., Majewski, R., and Tarasow, E. (2018). Intralipid/heparin infusion alters brain metabolites assessed with 1H-MRS spectroscopy in young healthy men. J. Clin. Endocrinol. Metab. 103, 2563–2570. doi: 10.1210/jc.2018-00107

Klawitter, F., Jager, M., Klinkmann, G., Saller, T., Söhle, M., von Möllendorff, F., et al. (2020). Sepsis-assoziierte enzephalopathie. Anaesthesist 70, 112–120. doi: 10.1007/s00101-020-00853-z

Kuan, E., Chen, X., Du, F., and Ongur, D. (2021). N-acetylaspartate concentration in psychotic disorders: T2-relaxation effects. Schizophr. Res. 232, 42–44. doi: 10.1016/j.schres.2021.04.012

Li, C., Yu, T. Y., Zhang, Y., Wei, L. P., Dong, S. A., Shi, J., et al. (2020). Electroacupuncture improves cognition in rats with sepsis-associated encephalopathy. J. Surg. Res. 256, 258–266. doi: 10.1016/j.jss.2020.06.056

Liu, Y., Fu, H., Wu, Y., Nie, B., Liu, F., Wang, T., et al. (2021). Elamipretide (SS-31) improves functional connectivity in hippocampus and other related regions following prolonged neuroinflammation induced by lipopolysaccharide in aged rats. Front. Aging Neurosci. 13:600484. doi: 10.3389/fnagi.2021.600484

Peng, X., Luo, Z., He, S., Zhang, L., and Li, Y. (2021). Blood-brain barrier disruption by lipopolysaccharide and sepsis-associated encephalopathy. Front. Cell. Infect. Microbiol. 11:768108. doi: 10.3389/fcimb.2021.768108

Piersson, A. D., Ibrahim, B., Suppiah, S., Mohamad, M., Hassan, H. A., Omar, N. F., et al. (2021). Multiparametric MRI for the improved diagnostic accuracy of alzheimer’s disease and mild cognitive impairment: Research protocol of a case-control study design. PLoS One 16:e0252883. doi: 10.1371/journal.pone.0252883

Rittirsch, D., Huber-Lang, M. S., Flierl, M. A., and Ward, P. A. (2009). Immunodesign of experimental sepsis by cecal ligation and puncture. Nat. Protoc. 4, 31–36. doi: 10.1038/nprot.2008.214

Schnider, B., Tuura, R., Disselhoff, V., Latal, B., Wehrle, F. M., and Hagmann, C. F. (2020). Altered brain metabolism contributes to executive function deficits in school-aged children born very preterm. Pediatr. Res. 88, 739–748. doi: 10.1038/s41390-020-1024-1

Shah, D., Verhoye, M., Van der Linden, A., and D’Hooge, R. (2019). Acquisition of spatial search strategies and reversal learning in the morris water maze depend on disparate brain functional connectivity in mice. Cereb. Cortex 29, 4519–4529. doi: 10.1093/cercor/bhy329

Shen, Y., Jing, L., Zhang, Y., Bao, H., Vohra, A., Si, Y., et al. (2020). CXCR5 knockdown attenuates hippocampal neurogenesis deficits and cognitive impairment in a mouse model of sepsis-associated encephalopathy. Neuroscience 433, 212–220. doi: 10.1016/j.neuroscience.2020.03.013

Suzuki, H., Sumiyoshi, A., Kawashima, R., and Shimokawa, H. (2013). Different brain activation under left and right ventricular stimulation: An fMRI study in anesthetized rats. PLoS One 8:e56990. doi: 10.1371/journal.pone.0056990

Tao, J., Liu, J., Chen, X., Xia, R., Li, M., Huang, M., et al. (2019). Mind-body exercise improves cognitive function and modulates the function and structure of the hippocampus and anterior cingulate cortex in patients with mild cognitive impairment. Neuroimage Clin. 23:101834. doi: 10.1016/j.nicl.2019.101834

Tauber, S. C., Djukic, M., Gossner, J., Eiffert, H., Bruck, W., and Nau, R. (2021). Sepsis-associated encephalopathy and septic encephalitis: An update. Expert Rev. Anti Infect. Ther. 19, 215–231. doi: 10.1080/14787210.2020.1812384

Wang, W., Liu, L., Jiang, P., Chen, C., and Zhang, T. (2017). Levodopa improves learning and memory ability on global cerebral ischemia-reperfusion injured rats in the Morris water maze test. Neurosci. Lett. 636, 233–240. doi: 10.1016/j.neulet.2016.11.026

Xie, Z., Xu, M., Xie, J., Liu, T., Xu, X., Gao, W., et al. (2022). Inhibition of ferroptosis attenuates glutamate excitotoxicity and nuclear autophagy in a CLP septic mouse model. Shock 57, 694–702. doi: 10.1097/SHK.0000000000001893

Yao, Y., Lu, C., Chen, J., Sun, J., Zhou, C., Tan, C., et al. (2022). Increased resting-state functional connectivity of the hippocampus in rats with sepsis-associated encephalopathy. Front. Neurosci. 16:894720. doi: 10.3389/fnins.2022.894720

Zhang, X., Li, H., Lv, Y., Zhu, Z., Shen, X., Lu, Q., et al. (2019). Premorbid alterations of spontaneous brain activity in elderly patients with early post-operative cognitive dysfunction: A pilot resting-state functional MRI study. Front. Neurol. 10:1062. doi: 10.3389/fneur.2019.01062

Zou, Q. H., Zhu, C. Z., Yang, Y., Zuo, X. N., Long, X. Y., Cao, Q. J., et al. (2008). An improved approach to detection of amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: Fractional ALFF. J. Neurosci. Methods 172, 137–141. doi: 10.1016/j.jneumeth.2008.04.012





[image: image]


OPS/images/fnins-16-1032098/fnins-16-1032098-g005.jpg
60-

C i
)

N
540
c
@

o

o

CLP 7 days

-©- sham group
- CLP 7 days
-©- CLP 14 days

D1

D2

D3

D4

o

the time spent in the
target quadrant(s)

s |






OPS/images/fnins-16-1032098/fnins-16-1032098-g006.jpg
S
-+ O
s <
4L T
NN
@}
| | 1 |
o (=] o o o
< ™ N -
awi} Juap.ienb jab.e)
&
o -
-
O (=)
=~ =
4 T
A -
O “ ®,
I 1 | |
o o o o o
< ™ N -
(s)awn juespenb jabie)
m
o O
p—
" D
= = s
4L T
NIV
o
I 1 1 1
o o o o o
< ™ N ~

awi} jJuapJienb jab.e)

<

0.5 1.0 1.5 2.0
ml/Cr

0.0

2.5

1.0 1.5 2.0
ALFF of right CA1

0.5

0.0

GIx/Cr





OPS/images/fnins-16-1032098/fnins-16-1032098-t001.jpg
Location
cluster (AAL)

Hypothalamic
region L
Cornu ammonis 1 R

Deeper layers of the

superior colliculus R
Subiculum R

Fasciola cinereum L

Number of
voxels

14

10
13

10
12

MNI coordinates

x y z
2.0 35.1 14.8
65.0 50.1 9.2
29.0 80.1 36.2
1.0 44.1 36.2
2.0 29.1 39.2

Peak F

40.1

342
80.5

555
554





OPS/images/fnins-16-1032098/fnins-16-1032098-g001.jpg
A -81 -1 ) 36 -30

o

"Qﬂﬂﬁ

sham vs CLP 7 days

EAEACA DD

sham vs CLP 14 days

ALFF of right CA1






OPS/images/fnins-16-1032098/fnins-16-1032098-g002.jpg
2 'Juvdoqini Tz
1 el[omm lLQOLZOZ
. PO ww | sod

015 :t:z,%z%;i?:ﬂ

Lip

\/V ' f
| ) "&” - [ ”\'\ i 0005
/\ " \«'/\

'
“ ey
, Y | /
/ W \X 'M'.‘Mu,f,""ﬁw %\M'ﬁ'.h " il /ﬂ' \’V-f‘w ‘ lw M” O . 0 O

f v W‘ l. A ’ N“l'
! L A
/ N/ A

M

64000
120z fey LL ,
8LI0L :awI] LN- elfoeuu 11501202
B

L1-50-1202 :3)eQ -elloey||

4°O 3 05 3 .0 2 .5 2 .0 1 .5 1 .O O. 5 ) p p m e e N e

€ X3N SWOSsyWHY0 WL
62p 0°06 v
€ ‘JdvdoqinL"z1

l m[oeul]GOOl 1202
OH ww 60 s0d
.
2 XIN
|u:> 0§2/LL'€ NO4
ww 00°L/00°L IS

025

0.20

CLP 7 days \ N o
|

M\J A v 0.10

f\\% «rw 0.05

6>| 000

M /\/J/\ ( ) ( N ) Lzeoeo.
. eyl dwI| SO B'°Ell‘I60(.‘|llZOZ

Y r : sO-elfoeyl

w’ M‘N‘"“V{Nr N 60-0L-120Z 21eQ on
c V\ k 'y \MM/“ A

N'/ n 1oads Hquip |YW widsolg Jaxnig AU [BIIP3N Bus[ueN
W A

40 35 30 25 20 15 10 05 Oppm |

2 '3dvyoqinLz1

L EI[OEI.|I|GOO L1202
p:) wu 0! d

- 50,
O- 1 5 wo 09 Zth € AO4d

wwoo'L/00°L IS

- NAA
Lip

CLP 14 days /\/\M \ 0.05|

i / \h
. 0.00
‘\‘\W ..f\,.lw'”\’ W l\‘\ \f".' WHVN“';/ M‘EMMW “”W !

Wt

40 35 30 25 20 15 1.0 05 Oppm [

yoads Hqu |y uidgolg Jayng ] AU [B2IP3AN ﬁulmeN






OPS/images/fnins-16-1032098/fnins-16-1032098-g003.jpg
Chol/Cr

NAA/Cr

2.5- B 25- * C 10- *
2.0- l 2.0- l 0.8- L
* 4
1.5- l Q 1.5- 5 0.6-
5 _—
1.0 O 1.0- € 0.4-
0.5 0.5- ﬁ 0.2- |“
0.0 111 0.0 111 0.0 L1
N NI N N
& Q,\& o & USRS & Q,\b"’ WP
¥ N ¥ N ¥
E
0.6- # 2.0-
* 4 3 Sham
. ) =3 CLP 7day
0.4- l . . Bl CLP 14day
O
S 1.0-
2
0.2
0.5
0.0 111 0.0
NGNS, D D

o v S v





OPS/images/fnins-16-1032098/fnins-16-1032098-g004.jpg
A

IL-18( ng/ml)

25

20

154

250

200

IL-6 ( pg/ml)
> o
o o
| |

N
o
|

T e s
I

-
R L
P ! [ v ¥

>
=
* 4 a 0 250+
— . c . =3 sham
N R "é 200 l = CLP 7 days
£ 20- ) g BEE CLP 14days
E’) c 150 -
()]
> 3 100
= i
2 10- g
= S 50-
(T
| . ' ; 2 ‘c_ﬁ 0 T 1
S &S . &
2> 2> 2> —
X ,\b ,\btb v&b*

CLP 14 days





OPS/images/fnins-16-945594/fnins-16-945594-t002.jpg
e Meloxicam
o Intramuscular injection 0.3 ml/kg
e Lidocaine
o Dilute to 0.5% for subcutaneous or intraincisional injection
o Inject less than 7 mg/kg
e Isoflurane
o 5% for induction
o 1-3% for maintenance during surgeryW8918





OPS/images/fnins-16-1032098/cross.jpg
@ Check for updates.





OPS/images/fnins-16-894720/fnins-16-894720-g005.jpg
bilateral inferior colliculus

@ D D R AR R

left ventral thalamus right thal

septum






OPS/images/fnins-16-894720/fnins-16-894720-g006.jpg
<

r=0.569
p=0.027

[ _ _
Lo o wn
o i ot

0.60-
0.00

o o o

94 snwejeyl J-sndwesoddiH

o
[ B
~ (N
50l =
o9 A
THELL
- O
| | | |
o Tp) o (T o
© < @ = Q
o o o o o

94 shwejeyl y-sndwesoddiH 119

60 90 120

Immobility time (s)

30

90 120

Immobility time (s)

o
— N
—
. O
»
]
. O
o
oe)
i
w < O
o< ¥
n i
- QO
_ _ _ _ -
o wn o wn o
b = - r Q
o o o o o
94 snwejey] y-sndwesoddiH ¥y
o
— N
—
. O
(2]
@
. O
o
oo ©
01
0 < O
o< "
n U
- L
_ _ _ _ -
o wn o wn o
© - i W Q
o o o o o

94 snwejey] y-sndwesoddiH 7

Immobility time (s)

Immobility time (s)





OPS/images/fnins-16-894720/fnins-16-894720-t001.jpg
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commissure as origin, unit: 0.1 mm) (voxels)

X y z

Bilateral hippocampal FC
Left thalamus 27 6 -39 66 5.1308
Right thalamus -18 3 -39 73 5.6627
Septum; left BNST 0 9 9 57 5.8070
Right BNST -12 -6 3 34 5.1342
Left STFL; M1 30 48 9 110 4.8684
Inferior colliculus 9 42 -81 39 5.2872
Left hippocampal FC
Left thalamus 15 18 -36 51 5.2352
Right thalamus -21 6 -39 56 5.1748
Septum; left BNST 0 6 6 51 5.3491
Right BNST -12 -3 3 43 4.9559
Left STFL 30 48 9 96 4.5596
Inferior colliculus 12 42 -78 30 4.8301
Right hippocampal FC
Left thalamus 27 -39 31 5.1277
Right thalamus -18 3 -39 58 5.6843
Septum 0 9 9 39 5.3961
Left STFL 30 48 9 79 4.5682
Inferior colliculus 9 42 -81 35 5.2091

For converting to PAXINOS & WATSON stereotaxic coordinate, just add y to 70
(v + 70). FC, functional connectivity; BNST, bed nuclei stria terminalis; S1FL,
primary forelimb somatosensory cortex; M1, primary motor cortex.





OPS/images/fnins-16-894720/fnins-16-894720-g001.jpg
*k%k

1

100+

o

<

T
o o o o
0 o < N

(s) awn Ayjiqoww)

(s) sawmn s23U0)

351

28+
1

14+
7

(w) asuessip |ejo

SAE

Control

SAE

Control

SAE

Control





OPS/images/fnins-16-894720/fnins-16-894720-g002.jpg
=1 N

FOR=ZOO

One Sample T-tests of FC images

16.6
14.1
11 .6
9.14
6.64
4.14

w W w w ww
=] A N s ~S1a])

156
183
11.0
815
6.45
4.14

N ) [1a IS
~J O D w N

.
.





OPS/images/fnins-16-894720/fnins-16-894720-g003.jpg
bilateral inferior colliculus

XoYoVolaYes

left thalamus right thalamus

left SIFL
w

. “ ‘ i I i I septumI I

right bed nuclei stria terminalis

eFf &






OPS/images/fnins-16-894720/fnins-16-894720-g004.jpg
bilateral inferior colliculus

G MN O 0N @R EN

left dorsal thalamus right thalamus

» left S1FL

right bed nuclei stria terminalis

O &






OPS/images/fnins-16-886858/fnins-16-886858-g005.jpg
A RSCg vehicle B RSCg inhibitor - vehicle C RSCg inhibitor - vehicle

RSCg L RSCg L RSCg
RaCd L RSCd | RSCd
Pir
"E‘ - Pir 2 - Pir
Hip = g
= - Hip - - Hip
vVC <:=) é
5 S e
Hyp ; vC E VC
]
Amy 5o - Hyp b= - Hyp
=]
PtA = L Amy z L Amy
So - PtA - PtA
- So - So
4 3 2 a1 0 1 04 03 02 -01 0 0.1
RSCg inhibitor D RSCg inhibitor - vehicle
r
RSCg RSCg — ety aRSC
RSCd RSCd PtA_
Pir Pir 0.4 \ .
Hip Hip S0 \dul
VC VC 0 I @Hyp
Hyp Hyp -
Amy Amy 0.4
PtA PtA
So So i Decreased MC  -0.1
T T - VN & T - VO LTI T - VN & T - VN R .
SSEESEEES SCEEZEEE S
Y Y





OPS/images/fnins-16-886858/fnins-16-886858-i000.jpg





OPS/images/fnins-16-894720/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Image processing methods in animal MRI and their application to evaluate brain function



		Editorial: Image processing methods in animal MRI and their application to evaluate brain function



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References









		Retrosplenial Cortex Effects Contextual Fear Formation Relying on Dysgranular Constituent in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Surgery and Infusions



		Contextual Fear Conditioning and Test



		18F-FDG PET/CT Imaging Protocols and Image Preprocessing



		Construction of Brain-Wide Metabolic Network During Contextual Fear Conditioning in Rats



		Hub Nodes and Nodal Properties



		Core Brain Regions Associated With RSCd/g Metabolism During Contextual Fear Conditioning



		Statistical Analysis









		RESULTS



		Suppressing RSCd During Fear Conditioning Impaired Memory Formation but Not While Suppressing RSCg



		Effects on Hub Nodes of the Brain-Wide Metabolic Brain Network of Suppressed RSCd/g During Contextual Fear Conditioning



		Effects on Nodal Properties of the Core Network of Suppressed RSCd/g During Contextual Fear Conditioning









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Increased Resting-State Functional Connectivity of the Hippocampus in Rats With Sepsis-Associated Encephalopathy



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Modeling



		Behavioral Studies



		Open Field Test



		Forced Swimming Test









		Magnetic Resonance Imaging Acquisition



		Image Processing and Data Analysis









		RESULTS



		Behavioral Test Results



		Results of Seed-Based FC Analysis



		Correlation Analysis









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES









		Assessment of Rat Sciatic Nerve Using Diffusion-Tensor Imaging With Readout-Segmented Echo Planar Imaging



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Magnetic Resonance Imaging



		Signal-to-Noise Ratio Measurements



		Signal-to-Noise Ratio Correction Due to Sequence-Specific Differences in Acquisition Time



		Qualitative Image Evaluation



		Quantitative Analysis of Diffusion Tensor Imaging Parameters and Diffusion Tensor Tractography



		Histopathologic Assessment



		Statistical Analysis









		RESULTS



		Morphology of Rat Sciatic Nerve



		Signal-to-Noise Ratio Analysis



		Qualitative Image Evaluation



		Quantitative Analysis of Diffusion Tensor Imaging Parameters and Diffusion Tensor Tractography



		Correlation Between Diffusion Tensor Imaging Parameters and Histopathological Parameters









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES









		Combining magnetic resonance imaging with readout and/or perturbation of neural activity in animal models: Advantages and pitfalls



		Introduction and state-of-the-art



		Coupling the blood-oxygen-level-dependent signal to the electrical neuronal activity: simultaneous functional magnetic resonance imaging and electrophysiology



		From electrons to photons: magnetic resonance imaging combined with optical imaging as a readout



		Calcium signal as a readout of neuronal activity: Magnetic resonance imaging and fiber-optic calcium recordings









		Neural perturbation: combining magnetic resonance imaging with neuronal excitation or inhibition



		Electrical stimulation



		Optogenetically modulating neuronal activity using light



		New frontiers in small animal imaging: Simultaneous fiber-optic calcium recordings and opto-functional magnetic resonance imaging









		Perturbation of neural activity using chemogenetics









		Conclusion and future directions



		Author contributions



		Funding



		References









		Automatic method for individual parcellation of manganese-enhanced magnetic resonance imaging of rat brain



		Introduction



		Materials and methods



		The individual parcellation method



		Animals and MRI data acquisition for evaluation



		Generation of individual parcellations of T2WI images



		Generation of individual parcellations of MEMRI images



		Statistical analysis of MEMRI images









		Results



		Individual parcellations of MRI images



		Quantitative evaluation of individual parcellations of MEMRI images



		Statistical analysis of MEMRI images









		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References









		Modulation of entorhinal cortex–hippocampus connectivity and recognition memory following electroacupuncture on 3×Tg-AD model: Evidence from multimodal MRI and electrophysiological recordings



		Introduction



		Material and methods



		Animals



		Electroacupuncture stimulation



		Behavioral and cognitive testing



		Locomotor activity



		Novel object recognition testing









		Magnetic resonance brain imaging protocols



		Functional magnetic resonance imaging acquisition



		ReHo analysis



		Seed-to-seed functional connectivity



		Diffusion tensor image acquisition









		Patch-clamp recordings



		Statistical analysis









		Results



		Effects of the electroacupuncture treatment on behavioral and cognitive impairments



		Effects of the electroacupuncture treatment on regional spontaneous activity



		Effects of the electroacupuncture treatment on hippocampal synaptic neurotransmission



		Recognition memory is correlated with aberrant ReHo across the hippocampus and entorhinal cortex



		Effects of the electroacupuncture treatment on connection between the hippocampus and entorhinal cortex









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		Footnotes



		References









		Age-dependent microstructure alterations in 5xFAD mice by high-resolution diffusion tensor imaging



		Introduction



		Materials and methods



		Animal preparation



		MRI protocol



		Data processing for diffusion tensor imaging



		Histology









		Results



		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Corrigendum: Age-dependent microstructure alterations in 5xFAD mice by high-resolution diffusion tensor imaging



		References



		Publisher's note









		The current status and trend of the functional magnetic resonance combined with stimulation in animals



		Introduction



		Methods



		Results and discussion



		Year distribution



		Methods of animal anesthetization for scanning



		Sensory stimulation



		Electrical stimulation



		Forepaw/hindpaw stimulation



		Non-noxious and noxious electrical paw stimulation



		Nerve electrical stimulation



		Whisker pad electrical stimulation



		Other electrical stimulation









		Visual and auditory stimulation



		Visual stimulation



		Auditory stimulation









		Olfactory stimulation



		Direct brain stimulation



		Mechanical stimulation



		Multiple stimulations



		Other stimulation















		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References









		Focal electrical stimulation on an alcohol disorder model using magnetic resonance imaging-compatible chronic neural monopolar carbon fiber electrodes



		Introduction



		Materials and equipment



		Methods



		Animals



		Experimental outline



		Carbon electrodes construction



		Surgical carbon electrodes implantation



		Preparation for anesthesia (∼5–10 min)



		Stereotaxic procedure (∼1 h 30 min)



		Electrodes placement



		Stereotaxic coordinates



		Postoperative care









		Stimulation



		Magnetic resonance imaging









		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References









		Disrupted metabolic and spontaneous neuronal activity of hippocampus in sepsis associated encephalopathy rats: A study combining magnetic resonance spectroscopy and resting-state functional magnetic resonance imaging



		Introduction



		Materials and methods



		Animal model



		MRI acquisition



		Resting-state functional magnetic resonance imaging data preprocessing and analysis



		Hydrogen proton magnetic resonance spectroscopy acquisition and analysis



		Hippocampus-dependent behavioral tasks



		Enzyme-linked immunosorbent assay



		Immunofluorescence



		Statistical analysis









		Results



		Cecal ligation and perforation surgery induced amplitude of low-frequency fluctuation value abnormalities in sepsis associated encephalopathy rats



		Altered brain metabolism in the hippocampus post cecal ligation and perforation surgery



		Cecal ligation and perforation surgery enhanced microglia related inflammation in sepsis associated encephalopathy rats



		Cecal ligation and perforation surgery deteriorates cognitive performance in the Morris water maze task



		The correlation analysis between the amplitude of low-frequency fluctuation values, metabolites, and behavioral parameters









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References























OPS/images/fnins-16-886858/fnins-16-886858-e000.jpg





OPS/images/fnins-16-963175/fnins-16-963175-g007.gif





OPS/images/fnins-16-886858/fnins-16-886858-e001.jpg
1
Feiln
- i#
Enoqa() = 57—






OPS/images/fnins-16-963175/fnins-16-963175-g008.gif
wp

Ravt

Siop

Mechanic

AwComoyib | Rot i
Pin
Neetle
Clamp
Unkaow
Waiker T By
o €10 1115 16.20  a1.26






OPS/images/fnins-17-1147057/fnins-17-1147057-i001.gif





OPS/images/fnins-16-886858/cross.jpg
3,

i





OPS/images/fnins-16-886858/fnins-16-886858-g003.jpg
VC

Amy

ony
ns

NAc

Hip

I RSCg vehicle group
I RSCg inhibitor group

RSCg

L L |
— =) v— 7_.

L DL |
— (=) v— 7_.

m 32.139p [epou Jo E_com-N o 32.139p [epou Jo e.._com-N

2
2

RSCd

39 nodes
I RSCg vehicle group

RSCg vehicle group

5 EEE RSCg inhibitor group

39 nodes
RSCg inhibitor group

| I | " |
S v = v o
(g\| o o —

3.0 =

sapou ¢ L sapou qny Jo 3.1038-7

o

‘ sapou ¢¢

A





OPS/images/fnins-16-963175/fnins-16-963175-g003.gif
¢ @
-

g

S b





OPS/images/fnins-16-886858/fnins-16-886858-g004.jpg
A RSCd vehicle B RSCd Inhibitor - vehicle C RSCd Inhibitor - vehicle

- RSCd - RSCd
- RSCg - RSCg
;‘;’ - Pir 37 - Pir
e - Hip £ - Hip
£ 5 I
= - VC = vC
i )
8 - Hyp = - Hyp
e - SC E - SC
a z L
- Amy Amy
- PtA - PtA
- PPC ~ PPC
- - -2 -1 0 1 -04 -0.3 -0.2 -0.1 0 0.1
D RSCd inhibitor - vehicle

r

RSCd 08 '@ @ @RSG p
RSCg @ ‘

Pir 0.4 A i
Hip -

VC 0 K /¢ l
Hyp | k¥ 3

SC "
P -0.4

PtA

r Decreased MC i

-0.8 -0.8

=220 8 = <0
- >E=cn§a—_*&

RSCd
RSCg





OPS/images/fnins-16-963175/fnins-16-963175-g004.gif
A VimalStmelations Natrintie






OPS/images/fnins-16-886858/fnins-16-886858-g001.jpg
A

Cannula 7d [
Implantation

Freezing (%)

O

Freezing (%)

Acclimation

Vehicle/Inhibitor

Training

18F-FDG
Vv L.p.

= N 30 min m 28 min

PET/CT

5h-28 min

Test

Imaging 24 h - 28 min

0.8 mA, 5 trials, ITI =120 s
S min 12 min
C
100 -
80 - _
>
60 = oY)
=0- RSCd vehicle =
40 - . S
=O- RSCd inhibitor o
20 - -4~ RSCg vehicle =
=/~ RSCg inhibitor
0 T T T T T T
Pre 1 2 3 4 B
Trials
E
100 - o o
ﬁ 0P Z§8 .
2[5 & % o N
o Op0 e
SO | o & é
60 - 8 § on
. o 9 o RSCg inhibitor £
40 - o -l1- . S
o RSCg vehicle o
20 - =
0 I 1
Sh 24h

Time post training

* %* %
100 - "
P
80 o
60
40 - o 8 o
o
20 - 3
0 I |
Sh 24h
Time post training
ILI
100 o o
0o© (o3 2 = o
80 - o
o OpO
o © g
60 ¥ ‘ ?j
oAl | &l
3
20 - 6.9
0 T T
Sh 24h

Time post training

o RSCd inhibitor
o RSCd vehicle

o RSCd inhibitor
© RSCg inhibitor





OPS/images/fnins-16-963175/fnins-16-963175-g005.gif
© Specie Distebution Over Time

B | |
]
ooy ||

PR (‘l‘






OPS/images/fnins-16-886858/fnins-16-886858-g002.jpg
RSCd vehicle group

A

I RSCd vehicle group

JUIS

suj
Vid
S
3L
Odd
dAyg
DA
Ay
dVN
dig
3DSU
POSY
and

v ]

p/

sapou ¢¢

39 nodes

RSCd inhibitor group

C

[ RSCd inhibitor group

CRRLL
VS
YyLe|
Tid
Ovd
IJVL

q10
yLue
1L |
10
TR

\ZX |
suj
ony
LSN4
yuy
de)

dig
REIN

Jdd
JURS
N
I
Vid
POSY
Ad

3DSU
NS
3L

Awry
VN

dAyg

o )

v

sopou ¢

39 nodes

—

X

3

K1

*_

X
o = *7
= £ *®
=2\
B
@ S
R
-
S =
= =
==
&g K

*7

Il -
L L L D D |
[} () uw, [ w,
= o e o =
L sapou qny Jo 3.103S-7

VC

Amy

NAc

Hip

RSCg

RSCd

Pir





OPS/images/fnins-16-963175/fnins-16-963175-g006.gif
&S
Ll

CT——— o Fictrode Matett Over Time

prissed






OPS/images/fnins-16-1025457/crossmark.jpg
(®) Check for updates





OPS/images/fnins-16-963175/crossmark.jpg
(®) Check for updates





OPS/images/fnins-16-963175/fnins-16-963175-g001.gif
A Year Distribution






OPS/images/fnins-16-963175/fnins-16-963175-g002.gif





OPS/images/fnins-17-1147057/crossmark.jpg
(®) Check for updates





OPS/images/fnins-16-945594/fnins-16-945594-t001.jpg
. Lab standard stereotaxic instrument
. Heat pad (Beurer® HK55)

. Gas anesthesia mask compatible with the stereotaxic setup.
. Anesthetic gas vaporizer

. Isoflurane (SOFLORAN VET PiSA®)
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RS3-EPI RS5-EPI RS7-EPI P-value

ANOVA RS3 vs. RS5 RS3 vs. RS7 RS5 vs. RS7
SNR 47.106 + 14.858 175.896 + 10.563 186.490 + 10.188 <0.001* <0.001** <0.001* 0.093
SNR(TA) 2.443 £ 0.768 7.110 £ 0.425 6.389 + 0.349 <0.001* <0.001** <0.001* 0.015™
FA 0.626 + 0.007 0.647 £0.018 0.607 £ 0.009 <0.001* 0.035 0.001** 0.001*
RD (wm?/msec) 0.665 + 0.021 0.621 +£ 0.027 0.693 £0.018 <0.001* 0.001* 0.023 <0.001*
DTT fiber number 6.375 + 4.104 13.375 £ 3.292 8.875 + 6.266 0.023* 0.007* 0.302 0.071

DT, diffusion tensor imaging;, RS3, No. of readout segments = 3; RS5, No. of readout segments = 5; RS7, No. of readout Segments = 7, SNR, signal-to-noise ratio;
SNR(TA), SNR correction due to sequence-specific differences in acquisition time; FA, fractional anisotropy; RD, radial diffusivity; DTT, diffusion tensor tractography;
*P < 0.05; *P < 0.017, post hoc analysis with Bonferroni corrected.
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fMRI fMRI + Opto-fMRI fMRI + Calcium-based |
Electrophysiology optical fiber
photometry 7
Invasiveness Non invasive Invasive Invasive Invasive Invasive
Longitudinal Yes Depending on chronic Depending on chronic Depending on chronic | Depending on chronic
implant implant implant implant
Resolution | Spatial High (whole brain 3D) Localized Localized Localized Localized
Temporal | Low High Low (fMRI) Limited (fast-spiking
neurons)
Target Indirect Direct Direct Direct Direct
* Neuronal activity *  Multi- and single * Modulation * Deepbrainregion | * Modulation targeted
unit activity targeted neuronal neuronal activity neuronal populations
populations * Neuronal activity
recording
EM interference Susceptible Susceptible None None None
Signal Within a voxel (All Not averaged/Averaged | Within voxel Averaging Averaging

vasculature contributing)

depending on electrode
impedance

MRI Compatibility

Must be ensured

Must be ensured
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FA

RS3-EPI RS5-EPI
POAA r=0.851 (P =0.007%) 0.911 (0.002%)
POMA 0.799 (0.017%) 0.944 (<0.001%)
TOM 0.751 (0.032) 0.953 (<0.001%)
DOMF 0.664 (0.073) 0.886 (0.003%)

RD
RS5-EPI RS7-EPI
) —0.882 (0.004%) —0.691 (0.058)
) —0.964 (<0.001%) —0.812 (0.014%)
) —0.922 (<0.001%) —0.709 (0.049)
) —0.876 (0.004%) —0.716 (0.046")

DT, diffusion tensor imaging; FA, fractional anisotropy; RD, radial diffusivity. Histopathological parameters: POAA, percentage of axon area; POMA, percentage of myelin
area; TOM, thickness of myelin; DOMF, diameter of myelinated fiber. r value, correlation coefficient value. P-value in parentheses, the result of correlation. *P < 0.05.
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Image quality evaluation RS3 Median RS5 Median RS7 Median P-value Kappa (95%
(range) (range) (range) Cl) of Reader
1 vs. Reader 2

Friedman RS3vs.RS5 RS3vs.RS7 RS5vs. RS7

Reader 1
Sharpness of the nerve margin 4 (2-5) 5 (4-5) 2(1-4) 0.001* 0.011* 0.016** 0.011* 0.753
(0.526-0.980)
Artifacts of the nerve 3 (2-4) 4 (4-5) 2(1-3) 0.001* 0.014** 0.016** 0.010** 0.793
(0.648-0.938)
Artifacts of the femur 2 (1-3) 4.5 (4-5) 5 (3-5) 0.001* 0.009** 0.009** 1.000 0.970
(0.915-1.000)
Artifacts of the ventral margin 2 (1-38) 5 (4-5) 4 (3-4) 0.001* 0.011* 0.016** 0.008* 0.967
(0.903-1.000)
Artifacts of the dorsal margin 2 (1-2) 4.5 (4-5) 4 (3-5) 0.001* 0.009** 0.010** 0.480 0.971
(0.914-1.000)
Homogeneity of the neuromuscular 2 (1-3) 4.5 (4-5) 4 (4-5) 0.001* 0.010** 0.008** 0.157 0.967
region (0.908-1.000)
Reader 2
Sharpness of the nerve margin 4 (2-5) 5 (4-b) 3.5 (24) 0.007* 0.020* 0.260 0.017* \
Artifacts of the nerve 3.5 (2-4) 4 (4-5) 2.5(1-3) 0.002* 0.038 0.054 0.010** \
Artifacts of the femur 2 (1-3) 4.5 (4-5) 5 (3-5) 0.001* 0.008** 0.008** 1.000 \
Artifacts of the ventral margin 2 (1-3) 5 (4-5) 4 (3-5) 0.001* 0.011* 0.014** 0.034 \
Artifacts of the dorsal margin 2(1-2) 4.5 (4-5) 4.5 (3-5) 0.001* 0.009** 0.010** 0.705 \
Homogeneity of the neuromuscular 2 (2-3) 4.5 (4-5) 4 (4-5) 0.001* 0.009** 0.007** 0.157 \

region

RS3: No. of readout segments = 3; RS5: No. of readout segments = 5; RS7: No. of readout segments = 7; Cl: confidence interval; *P < 0.05; **P < 0.017, post hoc
analysis with Bonferroni corrected.





