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Dietary omega-3 polyunsaturated fatty acids reduce cytochrome c oxidase in brain white matter and sensorimotor regions while increasing functional interactions between neural systems related to escape behavior in postpartum rats
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Introduction: Previously, we showed that omega-3 polyunsaturated fatty acid n-3 (PUFA) supplementation improved the performance of postpartum rats in the shuttle box escape test (SBET).

Methods: The brains of these rats were used in the current study which examined brain cytochrome c oxidase (CCO) activity in white matter bundles and 39 regions spanning sensorimotor, limbic, and cognitive areas to determine the effects of n-3 PUFAs on neural metabolic capacity and network interactions.

Results: We found that n-3 PUFA supplementation decreased CCO activity in white matter bundles, deep and superficial areas within the inferior colliculus, the anterior and barrel field regions of the primary somatic sensorimotor cortex, the secondary somatic sensorimotor cortex, the lateral, anterior regions of the secondary visual cortex and the ventral posterior nucleus of the thalamus, and the medial nucleus of the amygdala. Structural equation modeling revealed that animals consuming diets without n-3 PUFAs exhibited fewer inter-regional interactions when compared to those fed diets with n-3 PUFAs. Without n-3 PUFAs, inter-regional interactions were observed between the posterior cingulate cortex and amygdala as well as among amygdala subregions. With n-3 PUFAs, more inter-regional interactions were observed, particularly between regions associated with fear memory processing and escape. Correlations between regional CCO activity and SBET behavior were observed in rats lacking dietary n-3 PUFAs but not in those supplemented with these nutrients.

Discussion: In conclusion, consumption of n-3 PUFAs results in reduced CCO activity in white matter bundles and sensorimotor regions, reflecting more efficient neurotransmission, and an increase in inter-regional interactions, facilitating escape from footshock.
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1 Introduction

Many foods in the Western diet are low in omega-3 polyunsaturated fatty acids (n-3 PUFAs), resulting in decreased intake of these essential lipids (Simopoulos, 1999, 2002; Baker et al., 2016). Found at high levels in the brain (Rapoport et al., 2007; Betsholtz, 2015), these essential fatty acids are depleted in mothers during gestation and lactation when they are used to support fetal and infant brain development (Billeaud et al., 2021). To remediate this deficiency, supplemental n-3 PUFAs are recommended for pregnant and lactating women. While research regarding the impact of n-3 PUFAs on the brain often explores the neurodevelopmental effects of n-3 PUFAs beginning at conception, these nutrients also impact the fatty acid composition and function of the adult brain, the focus of the current study. For example, using a postpartum model similar to ours, Levant et al. found that rat dams fed a low alpha-linolenic acid (ALA) diet for two cycles of gestation and lactation experienced a depletion of brain DHA, particularly in the frontal cortex and temporal lobe, as compared to female, virgin rats fed the same diet (Levant et al., 2006, 2007). Decreased DHA was also associated with decreased hippocampal brain-derived neurotrophic factor (BDNF) gene expression (Levant et al., 2008). Similarly, lack of dietary ALA interacted with reproductive status to reduce cortical DHA and alter the number of dopamine D2-like receptors in the ventral striatum (including the nucleus accumbens and olfactory tubercle), but not the caudate-putamen of virgin or biparous rats (Davis et al., 2010). More recent work supports these findings, showing that PUFA ratios in the hippocampus, prefrontal cortex, and hypothalamus mirror those in the diet of adult, male, rats (Horman et al., 2020).

In addition to altering regional brain lipid composition, dietary PUFAs exert anti-inflammatory and immunomodulatory effects that positively impact the adult brain (Kusy et al., 2024). For example, dietary n-3 PUFAs reduce markers of hypothalamic and hippocampal neuroinflammation in male mice consuming a high fat diet (Sanchez et al., 2024), the hippocampus and amygdala of aged, male rats consuming a processed foods diet (Butler et al., 2021), and in the hippocampus of aged, female mice (Taoro-González et al., 2022). Of relevance, adult females, the target population in the current study, are more sensitive than males to the ability of dietary n-3 PUFA deficiency to decrease the number of microglia and, consequently, hippocampal neurogenesis (Rodríguez-Iglesias et al., 2022). Hippocampal neurogenesis affects a spectrum of behaviors, in particular those related to depression and memory (Toda et al., 2019).

With respect to behavior, in a previous study our group found that multiparous, postpartum rats receiving dietary n-3 PUFA supplementation did not differ from deficient animals in depression-related behaviors, but did exhibit improved adaptive coping as evidenced by an increase in the number of escapes and reduced escape times in the shuttle box escape test (SBET), when compared to rats deficient in n-3 PUFAs (Gonzales et al., 2015). In both humans and rodents, adaptive behavioral coping in response to stressful stimuli protects against depressive disorders (Schneiderman et al., 2005; Patel et al., 2019).

Adaptive behavioral coping depends on a functional fear memory processing system (Heimer and Van Hoesen, 2006). Although there is minimal research on the effect of n-3 PUFAs on specific regions of the fear memory processing system, adequate n-3 PUFA intake, beginning with the mother’s diet during gestation and continuing throughout the lifespan, supports myelination. Myelination is required for appropriate brain function (Prado and Dewey, 2014). For example, n-3 PUFAs appear to protect against disorders associated with disrupted myelination such as psychosis (Collins et al., 2024), schizophrenia (Pawełczyk et al., 2017) multiple sclerosis (Valenzuela et al., 2011; Chen et al., 2014), and traumatic brain injury (Pu et al., 2013; Liu et al., 2016) because they reduce damage to white matter and stimulate the production of myelin proteins (Salvati et al., 2008). We hypothesize that this protection of white matter might consequently improve inter-regional interactions and, hence, the ability of individual brain regions to work together as systems, e.g., the fear memory processing system, affecting behavior.

The objective of the current study was to systematically evaluate how alterations in n-3 PUFA intake in a multiparous, postpartum adult rat model affect cytochrome c oxidase (CCO) activity in white matter bundles and 39 brain regions supporting a variety of sensorimotor, cognitive, and emotional functions. To date, much work concerning how n-3 PUFAs affect the brain has focused on a limited number of regions per study. This piece-meal approach reduces the ability to detect the more wide-spread effects of these nutrients on brain systems involved in a variety of functions. In the current study, the use of CCO histochemistry allowed us to determine how n-3 PUFA intake simultaneously altered regional brain metabolism in numerous regions located throughout the brain, and, importantly, the interactions between these regions, affecting systems involved in behavior. CCO is the last enzyme in the electron transport chain, ultimately producing energy in the form of adenosine triphosphate (ATP) (Padilla et al., 2011). CCO levels can therefore be used to demonstrate the consequence of a chronic manipulation like nutritional supplementation, as CCO activity reflects the metabolic capacity of a given region. Because these brain regions function in connection with each other as networks and not in isolation, CCO staining is an ideal way to elucidate the effect of n-3 PUFAs on inter-regional interactions. CCO histochemistry has been used to map affected brain regions in animal models of various mental health conditions, including depression and attention deficit hyperactivity disorder (Shumake and Gonzalez-Lima, 2003; O'Reilly et al., 2009; Spivey et al., 2009; Padilla et al., 2011). For example, our group has used CCO histochemistry to determine how 13-cis-retinoic acid administration alters the inter-regional interactions between brain regions associated with depression-related behavior in adolescent mice (O'Reilly et al., 2009). Similarly, in the current study regional mean differences in CCO activity and structural equation modeling (SEM) were used to identify regions where n-3 PUFAs had the greatest effect. Finally, the use of the brains from animals in our behavioral study allowed for correlation of CCO activity with behavior.



2 Materials and methods


2.1 Animals

Brains were obtained from the multiparous model described in our previous publication (Gonzales et al., 2015). This model is similar to that developed by Levant et al. (2006, 2007, 2008). Long Evans females were fed either an n-3 PUFA deficient or a n-3 PUFA supplemented diet through two cycles of gestation and lactation, separated by 10 days. The diets consumed and behavioral tests experienced by these rats are detailed in Gonzales et al. (2015). All diets were based on AIN-93G to meet the nutrient requirements of pregnancy and lactation. Diets were manufactured by Research Diets, Inc. (New Brunswick, NJ) to contain either 7% sunflower oil, devoid of n-3 PUFA (without n-3 PUFAs), or 7% menhaden oil containing 14.2% EPA and 10.3% DHA (with n-3 PUFAs). Both diets were identical except for fat source. The standard, facility diet consumed during mating contained 0.2% ALA and negligible amounts of EPA and DHA. Animals were sacrificed via decapitation. Although 10 animals were assigned to each diet, one animal was removed from the final data set due to the presence of multiple outliers discovered during statistical analyses, resulting in n = 10 in the deficient group and n = 9 in the supplemented group. All procedures involving animals were approved by the Institutional Animal Care and Use Committees of the University of Texas at Austin and Texas State University.



2.2 Tissue processing

CCO histochemistry was performed as described previously (Shumake et al., 2000; O'Reilly et al., 2009). Briefly, upon sacrifice dam brains were frozen rapidly in isopentane and stored at −40°C. Forty μm cryostat sections were thaw-mounted onto slides and kept frozen at −40°C until processed for CCO histochemistry within a year of sacrifice. To perform CCO histochemical staining, slides were lightly fixed in phosphate, sucrose, glutaraldehyde buffer prior to metal intensification in cobalt chloride solution. CCO staining was assessed after an hour-long incubation in 0.1 M phosphate buffer containing diaminobenzidine tetrahydrochloride, cytochrome c, sucrose, catalase, and dimethyl sulfoxide. Following staining, tissue was fixed in formalin to stop this reaction. The tissues were dehydrated in a series of ethanol baths then cleared with xylene before adhering coverslips using Permount (Fisher Chemical, Waltham, MA).

Microscope slides of the stained tissue were placed on a light box and the image was captured with a CCD microscope digital camera (Leica Microsystems DFC450, Wetzlar, Germany). To correct for background and optical distortions within the camera, a glass slide with a coverslip adhered with Permount and an optical density (OD) tablet were used to correct for background and create a logarithmic calibration curve relating pixels to OD, respectively. Thirty-nine areas were imaged encompassing sensorimotor (Figure 1), cognitive, and emotional regions (Figure 2), and seven white matter tracks including the corpus collosum (Figure 3) at Bregma levels throughout the brain and the optic track (OT) at Bregma −2.12. Individuals blinded to treatment used ImageJ to quantify the regions of interest by outlining the entire region using a rat brain atlas (Paxinos and Watson, 2006). When possible, OD readings were taken of each region of interest in both hemispheres per subject and 3 brain sections per subject were examined for each region of interest, yielding 5 to 6 readings per subject per region. The readings from these sections were then averaged for each region for an individual animal. In addition, readings from the nucleus accumbens core and shell (Figure 2B) as well as the dentate gyrus at Bregma levels −2.12 and −2.8 (Figures 2C,D) were averaged within each subject. OD values were converted to CCO activity using brain homogenate with known CCO activity determined spectrophotometrically as in O'Reilly et al. (2009). CCO activity is expressed as μmol/min/g wet tissue weight for all regions of interest with the exception of the white matter regions. In these areas, because CCO activity was lower than the range of our standards, OD was averaged across the 5–6 readings for each of the 7 white matter bundles within subject, then reported as 1/OD, or white matter intensity (WMi).
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FIGURE 1
 Bregma levels for CCO readings of sensorimotor regions. The Bregma level for each image is shown at the bottom center of that image. Representative images for each Bregma level are shown. (A) Ventral posterior nucleus, lateral, anterior measurement (VPLa); primary somatic sensorimotor cortex, barrel field, anterior measurement (S1BFa); primary somatic sensorimotor cortex, anterior measurement (S1a), secondary somatic sensorimotor cortex (S2); (B) Ventral posterior nucleus, medial (VPM); ventral posterior nucleus, lateral, posterior measurement (VPLp); primary somatic sensorimotor cortex, posterior measurement (S1p). (C) Secondary visual cortex, lateral, anterior measurement (V2La); anterior pretectal nucleus, dorsal (APTd); anterior pretectal nucleus, ventral (APTv). (D) Primary visual cortex, binocular (V1b); superior colliculus, deep (SCd); inferior colliculus, superficial (ICs); inferior colliculus, deep (ICd).


[image: Figure 2]

FIGURE 2
 Bregma levels for CCO readings of cognitive and emotional regions. The Bregma level for each image is shown at the bottom center of that image. Representative images for each Bregma level are shown. (A) Prelimbic cortex (PrL); dorsal medial prefrontal cortex (DMPF). (B) Dorsal striatum (STR); lateral septal nucleus (LS); the medial septal nucleus (MS); shell (AcbS) and core (AcbC) regions of the nucleus accumbens. (C) Posterior cingulate cortex (PCC); dentate gyrus (DG); cortical nucleus of the amygdala (ACO); central nucleus of the amygdala (ACE); basolateral nucleus of the amygdala (ABL); medial nucleus of the amygdala (AME). (D) Posterior parietal cortex (PPC); hippocampal CA1 region (CA1); hippocampal CA3 region (CA3); dentate gyrus (DG); medial habenula (MH); lateral habenula (LH); mediodorsal nucleus of the thalamus (MD); perirhinal cortex (PRC). (E) Rostral linear raphe nucleus (RLi); ventral tegmental area (VTA). (F) Periaqueductal gray (PAG); interpeduncular nucleus (IPN). (G) Dorsal raphe nucleus (DRN); medial raphe nucleus (MRN).
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FIGURE 3
 Bregma levels for CCO readings of white matter regions. The Bregma level for each image is shown at the bottom center of that image. Representative images for each Bregma level are shown. (A) White matter bundle 1 (WMB1). (B) White matter bundle 2 (WMB2). (C) White matter bundle 3 (WMB3); optic tract (OT). (D) White matter bundle 4 (WMB4). (E) White matter bundle 5 (WMB5). (F) White matter bundle 6 (WMB6).




2.3 Statistical analysis: regional mean CCO activity

T-tests were performed using RStudio to determine if n-3 PUFA intake affected mean regional CCO activity (T-tests in R, Posit, 2023). All data were normally distributed as determined via Shapiro–Wilk tests. Student’s or Welch’s t-tests were used as appropriate for regions with equal or unequal variances between groups, respectively. Differences between dietary groups were considered significant at p < 0.005 as determined using Hochberg’s sharper Bonferroni correction for multiple comparisons (Hochberg, 1988). Cohen’s d was calculated in RStudio as a measure of effect size. Data are expressed as mean ± standard error of the mean μmol/min/g wet tissue weight or, in the case of WMi, 1/OD.



2.4 Statistical analysis: structural equation modeling of inter-regional interactions

Correlations in CCO activity between pairs of brain regions, indicative of inter-regional interactions (Sakata et al., 2000; Friston, 2011), were determined using Pearson’s product moment correlations (Supplementary Tables S1, S2). Pairs of regions with strong correlations, indicated by a r with an absolute magnitude ≥0.7 and a Fisher Z-test uncorrected p-value <0.01 between dietary groups (Supplementary Table S3, Figure 4) were selected for SEM as in our publication (O'Reilly et al., 2009) and those of our coauthors (McIntosh and Gonzalez-Lima, 1991, 1994; Puga et al., 2007). To eliminate the problem of multiple comparisons, the statistical significance of the interaction between the regions was determined simultaneously using SEM, not the individual pairwise correlations. SEM is a form of causal modeling that in our neural structural models reflected the directionality of known anatomical connections between the regions selected. Modeling was performed using Jamovi (2022). Chi-square tests determined model fit. In each case, the user-defined model fit exhibited a p > 0.05, indicating our models fit the data. Some regions in Figure 4 were not included because they were not part of the best fitting model determined by SEM. The baseline models each displayed p < 0.05, indicating our user-defined models differed from the null hypothesis model. The comparative fit index (CFI) was used as a measure of how well the user-defined models fit the data. In the functional models, the causal relationships between regions are represented by β-coefficients and their corresponding p-values, representing the influence the first region has on the second and the significance of that interaction.
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FIGURE 4
 Interactions between brain regions affected by dietary n-3 PUFA consumption. Inter-regional correlations in CCO activity in brains of rats consuming diets (A) without and (B) with n-3 PUFAs. The width of each arrow is proportional to the inter-regional correlation coefficient. Solid arrows represent positive coefficients, dashed arrows negative. The direction of arrows reflects the predominant path of neurotransmission between pairs of brain regions. Arrow color varies to improve visibility. Because this is a sagittal section in which all relevant regions are flattened to one plane, some cortical regions such as the PRC appear in the center of this image. Sample size is as follows: without n-3 PUFAs, n = 10; with n-3 PUFAs, n = 9.




2.5 Statistical analysis: brain-behavior interactions

To correlate metabolic activity with behavioral outcomes, we used measures of adaptive behavioral coping in the SBET and hyperreactivity to novelty in the open field test (OFT), behaviors affected by n-3 PUFA intake in these animals described in our previous publication (Gonzales et al., 2015). Reduced coping and increased novelty reactivity predict risk for depression-related behavior (Schneiderman et al., 2005; Padilla et al., 2009, 2010; Gonzales et al., 2015; Patel et al., 2019). In the SBET, escape number indicated the number of times each subject successfully completed the trial, terminating footshock within the time limit. Fixed-ratio (FR) 1 trials required a single crossing from one side of the chamber to the other to terminate footshock and lasted up to 15 s. FR2 trials required the rat to cross between sides of the chamber twice to terminate footshock within 30 s. Rats experienced 15 FR1 and 15 FR2 trials. Escape latency was defined as the amount of time it took for the rat to terminate the footshock in the SBET. Higher escape numbers and lower escape latencies indicate improved adaptive coping. In the same study, the novelty reactivity index (NRI) reflects the rat’s exploratory activity in a novel environment on day 1 of the OFT vs. its habituation to the now-familiar environment on day 2 of the OFT, with lower indices indicating reduced hyperreactivity. RStudio was used to perform Pearson’s correlation analyses between escape number and mean FR1 and FR2 escape latency in the SBET as well as the NRI in the OFT and regional CCO activity and WMi. Interactions of interest exhibited a r with an absolute magnitude of ≥0.7. Six region-behavior pairs met this criterion and were subjected to a Fisher Z-test to determine differences due to diet. The Hochberg’s sharper Bonferroni correction (Hochberg, 1988) was applied to correct for multiple comparisons. Differences between groups were considered significant at an uncorrected p < 0.006.




3 Results


3.1 Regional mean CCO activity

N-3 PUFA intake did not affect CCO activity when all gray matter regions were considered together (Table 1). In contrast, n-3 PUFA supplementation resulted in a large increase in WMi (Cohen’s d = 2.710, p < 0.0001). WMi is reported as OD−1, thus the increase in WMi actually represents a decrease in CCO activity. N-3 PUFA supplementation also resulted in a large decrease in CCO activity in seven sensorimotor regions (Table 2). Two subdivisions of the inferior colliculus (IC) showed decreases: namely, the IC, deep (ICd; Cohen’s d = 2.932, p < 0.0001) and IC, superficial (ICs; Cohen’s d = 1.868, p = 0.001), suggesting a large negative effect of n-3 PUFA supplementation on CCO activity in the IC. CCO activity was also decreased in two different segments of the primary somatic sensorimotor cortex (S1). Specifically, CCO activity in the S1, anterior measurement (S1a) exhibited a large decrease due to n-3 PUFA supplementation (Cohen’s d = 2.251, p < 0.0001), while the S1, anterior barrel field (S1BFa) subregion showed a decrease in CCO activity with a slightly smaller effect size (Cohen’s d = 1.816, p = 0.001). Mean CCO activity in the S1, posterior measurement (S1p) was not affected; however, activity in the secondary somatic sensorimotor cortex (S2) was decreased by n-3 PUFA ingestion (Cohen’s d = 1.652, p = 0.003). CCO activity in both the secondary visual cortex, lateral, anterior measurement (V2La; Cohen’s d = 1.806, p = 0.002) and the ventral posterior nucleus of the thalamus, lateral, anterior measurement (VPLa; Cohen’s d = 1.775, p = 0.002) was also reduced in response to consumption of diets with n-3 PUFAs. CCO activity was also lowered by n-3 PUFA intake in one emotional region, the medial amygdala (AME; Cohen’s d = 1.547, p = 0.004). Differences in mean CCO activity due to n-3 PUFA intake did not reach significance in any other regions quantified at this conservative, Hochberg’s sharper Bonferroni-corrected p-value (uncorrected p < 0.005). Together, these data suggest that n-3 PUFA supplementation decreased CCO activity in white matter bundles, several sensorimotor regions, and one region related to emotional processing.



TABLE 1 Effect of n-3 PUFA consumption on brain CCO activity and white matter intensity.
[image: Table1]



TABLE 2 Effect of n-3 PUFA consumption on regional brain CCO activity, ranked by p-value.
[image: Table2]



3.2 Structural equation modeling of inter-regional interactions

Structural equation modeling (SEM) of neural systems was used to statistically evaluate the network interactions and causal path influences between regions of interest (ROIs) in each of the two treatment groups. SEM is a well-established method for network analysis of metabolic data in neuroscience, including histochemical CCO data of the rat brain, and it involves the construction of a structural model and a functional model (McIntosh and Gonzalez-Lima, 1991, 1994; Puga et al., 2007). The identification of ROIs for the structural models was guided by Figure 4 and Supplementary Table S3, identifying hubs with evidence of strong pairwise inter-regional correlations above an absolute magnitude of r ≥ 0.7 and a Fisher Z-test for effect of diet p < 0.01. The final regions shown in the model were determined by the best data fitting model computed by the SEM analysis. The directionality of the interactions in the structural models (causal influence) represents the signal direction of known major anatomical axon connections between these identified brain regions. The functional models used only pairwise correlations of CCO data among these identified ROIs that, after Hochberg’s sharper Bonferroni correction, were found to be still reliably significant at p < 0.05. In SEM, a chi-square test is used to statistically compare the user-defined model with a null-hypothesis model in which the covariances of the endogenous variables are set to zero. In each case, the best-fitting models for the two groups were significantly different from the null-hypothesis model at p < 0.001.

The structural model for animals that consumed the diet without n-3 PUFAs consisted of the PCC hub with its direct anatomical connections to ACO, AME, and ABL, and two connections within the amygdala, from ACO and AME to ABL. Based on this network structure, we refer to this model as the “posterior cingulate model.” The functional model (Figure 5A), had a comparative fit index (CFI) =1.00 and simultaneously provided estimates of β coefficients that were statistically significant (p < 0.001) for four of the five paths in the model: PCC to ACO, PCC to AME, ACO to ABL, and AME to ABL. The greatest influence suggested by the significant β coefficients was from the PCC to the AME.

[image: Figure 5]

FIGURE 5
 Structural equation models of neural systems impacted by dietary n-3 PUFAs. Regions of interest (ROIs) for the modeling were first identified via pairwise correlations of CCO activity with r of at least 0.7. The resulting optimal data-fitted models are shown for rats consuming diets without (A) and with (B,C) n-3 PUFAs. Solid lines indicate paths with positive β-coefficients and dashed lines indicate paths with negative β-coefficients. A positive path coefficient implies that for each unit of increase in CCO activity in a ROI there is a corresponding unit of increase in the connected ROI. A negative path coefficient implies that for each unit of decrease in CCO activity in a ROI there is a corresponding unit of decrease in the connected ROI. β-Coefficients values are indicated above each line and p-values showing statistical significance of the interaction are shown below. The thickness of each line is proportional to the β-coefficient value. Sample size is as follows: without n-3 PUFAs, n = 10; with n-3 PUFAs, n = 9.


Networks are represented by two best-fitting structural models for animals ingesting n-3 PUFAs. The first structural model (Figure 5B) used the ABL as a hub, with inputs from V2La, APTd, and PAG, and an additional input from the DMPF to the PAG. Based on this network structure, we refer to this model as the “amygdala model.” The CFI for this model was 0.880. The functional model (Figure 5B) simultaneously provided estimates of β coefficients that were statistically significant (p < 0.001) for two of the four paths in the model: DMPF to PAG and PAG to ABL. The greatest influence suggested by the β coefficients was the top-down influence from DMPF to the ABL through the PAG.

The second structural model for animals assigned to the diet with n-3 PUFAs used the S1p as a hub, with outputs to the LS, PRC, DG, and CA3 and an input from VPLp to S1p. Based on this network structure, we refer to this model as the “somatosensory model.” The CFI for this model was 0.966. The functional model (Figure 5C) simultaneously provided estimates of β coefficients that were statistically significant (p < 0.001) for all five paths in the model. The model suggested large influences of somatosensory cortex (S1p) on the identified limbic regions.



3.3 Brain-behavior interactions

In our previous study (Gonzales et al., 2015), we showed that n-3 PUFA supplementation resulted in increased escape number and decreased escape latency in the SBET as well as reduced NRI in the OFT. To determine if these behaviors were associated with altered CCO activity, we examined correlations between SBET escape number, average FR1 and FR2 escape latency, the NRI, and regional CCO activity, whole brain CCO activity, and WMi. Six behavior-region pairs exhibited r with an absolute magnitude ≥0.7. After correction for multiple comparisons, Fisher Z-tests revealed that diet altered the interaction between behavior and regional CCO activity in 4 cases (Figure 6). Higher escape number reflects improved performance in the SBET, while increased escape latency indicates poorer SBET performance. SBET escape number was negatively correlated with CCO activity in the VPLa in animals that consumed diets without n-3 PUFAs. This correlation was not observed in animals that consumed diets with n-3 PUFAs. VPLa CCO activity was also positively associated with FR2 escape latency in animals ingesting n-3 PUFAs, but no relationship was observed in those lacking dietary n-3 PUFAs. A similar relationship was observed between CCO activity in the PCC, FR2 escape latency, and dietary n-3 PUFAs. CCO activity in the S1p exhibited a negative relationship with FR2 escape latency in animals consuming diets with n-3 PUFAs that was not observed in the absence of n-3 PUFAs. Taken together, in the absence of dietary n-3 PUFAs, higher CCO activity in the VPLa and PCC are associated with reduced performance in the SBET. In contrast, reduced S1p CCO activity is associated with lower escape latency indicating improved performance in this test.

[image: Figure 6]

FIGURE 6
 Impact of dietary n-3 PUFAs on interactions between behavior and regional CCO activity. Escape number refers to the total number of escapes out of 30 SBET trials. FR2 escapes required the animal to cross between chambers twice to terminate footshock. The FR2 escape latency was averaged across 15 FR2 trials. Comparison of Pearson’s correlation coefficients between n-3 PUFA deficient and supplemented groups, n = 10 without and n = 9 with n-3 PUFA. *Significant using Hochberg’s sharper Bonferroni correction at uncorrected p < 0.006.





4 Discussion

Previously, we showed that dietary n-3 PUFA supplementation increased behavioral coping, or the ability to learn under stress, in postpartum rats (Gonzales et al., 2015). The current study systematically examined how dietary n-3 PUFAs affected regional brain energy metabolic capacity using CCO histochemistry. Unique aspects of the current study include the use of adult, female animals, a systemic examination of white matter tracks as well as 39 brain regions spanning multiple functional systems, and the ability to link oxidative energy metabolism to behavioral outcomes. Figure 7 summarizes our results and illustrates the pervasive effects of this dietary intervention. We found that ingestion of n-3 PUFAs increased WMi, corresponding to reduced CCO activity. In addition, dietary n-3 PUFA supplementation reduced CCO activity in several sensorimotor regions, specifically the deep and superficial IC, the S1a, the S1BFa, the V2La, and the VPLa as well as one limbic region, the AME. Furthermore, brains from rats consuming diets with n-3 PUFAs exhibited different network interactions, elucidated via SEM, than rats lacking these essential fatty acids in their diet. We also identified brain-behavior correlations between CCO activity in the VPLa, PCC, and S1p and escape behavior in the SBET in animals consuming diets without n-3 PUFAs but not in those with n-3 PUFAs. The absence of correlations between regional CCO activity and behavior in the “with” group supports our hypothesis that consumption of n-3 PUFAs resulted in more functionally-efficient brain systems, perhaps due to more efficient signal conduction through white matter, resulting in a more synchronous pattern of neuronal activity, facilitating the improved spatial and sensory awareness associated with successful coping behavior.

[image: Figure 7]

FIGURE 7
 Summary of alterations in brain white matter and regional metabolic capacity, inter-regional interactions, and brain-behavior correlations in response to diets (A) without and (B) with n-3 PUFAs. Regions are grouped by functional system. Regions included are those in which inter-regional correlations were likely to be affected by diet. Colored boxes indicate regions in which mean CCO activity was decreased when rats consumed diets with n-3 PUFAs. The effect size (Cohen’s d) is indicated by the color of these boxes and the white matter intensity arrow as per the calibration bar. Solid lines connecting regions, escape latency, and escape number represent positive correlation coefficients while dashed lines indicate negative coefficients. Lines between regions reflect functional path interactions within each dietary group that were assessed by structural equation modeling. Abbreviations are as in Table 2 except for prefrontal thalamocortical system (PFTCS).



4.1 N-3 PUFAs decrease CCO activity in white matter bundles, reflecting increased efficiency

N-3 PUFA supplementation increased WMi, indicating a decrease in CCO activity. The white matter CCO activity associated with n-3 PUFA supplementation reflects increased energy efficiency likely due to improved signal conduction through myelinated white matter. This novel finding helps to explain how n-3 PUFAs effect behavior because more efficient signal transduction facilitates communication between neurons. Reduced CCO activity reflects increased efficiency and decreased energy demand (Wong-Riley, 2012). As axons become more myelinated, there is less surface area for ion exchange. Transmembrane ion exchange consumes the majority of ATP generated via the electron transport chain coupled with oxidative phosphorylation. CCO is the rate limiting enzyme in the electron transport chain. The myelin insulates the axon to reduce and isolate ionic exchange to nodes of Ranvier, termed “saltatory conduction.” Saltatory conduction is faster due to this insulation. Because the ion exchange is limited to the nodes of Ranvier, less ATP is needed, as reflected in reduced CCO activity. This phenomenon occurs during postnatal development as axons mature and become myelinated, more energy efficient, and exhibit lower CCO activity (Nair et al., 1999).

There is ample evidence that n-3 PUFAs improve myelination. For example, n-3 PUFAs increase the expression of myelinogenic mRNAs (Salvati et al., 2008), protect cultured oligodendrocytes from excitotoxicity (Pu et al., 2013), reduce axonal dysfunction (Ward et al., 2010), prevent axon injury (Bailes and Mills, 2010), and reduce demyelination (Ward et al., 2010; Chen et al., 2014), indicating that overall these lipids improve white matter integrity (Jiang et al., 2016). In support of this, studies using diffusion tensor imaging show a positive relationship between n-3 PUFA intake and improved microstructural integrity of white matter in healthy elderly individuals (Gu et al., 2016), patients with MDD (Chhetry et al., 2016), and those with recent-onset schizophrenia (Peters et al., 2009). Interestingly, in previous studies assessing CCO activity, we have not observed changes in the activity of this enzyme in white matter bundles in rodents treated with 13-cis-retinoic acid, fluoxetine, or methylene blue (O'Reilly et al., 2009; Padilla et al., 2011; Riha et al., 2011), indicating this phenomenon is unique to n-3 PUFAs. The fundamental role of myelin in the central nervous system and the unique ability of n-3 PUFAs to improve myelin may underscore the plethora of neurological benefits attributed to these essential lipids.



4.2 N-3 PUFAs decrease CCO activity in somatosensory regions and the medial amygdala

The current study simultaneously and systematically assessed the impact of dietary n-3 PUFA status on multiple brain regions representing a repertoire of functions. This neuroscience systems approach allowed us to elucidate the wide-spread effects of n-3 PUFAs throughout the brain, contrasting prior research focusing on relatively few brain regions per study. We show that n-3 PUFA supplementation decreased CCO activity in seven somatosensory and one emotional region: the inferior colliculus (ICd and ICs), visual cortex (V2La), S1 and S2 cortices (S1a, S1BFa, S2), thalamus (VPLa), and amygdala (AME). As mentioned above, decreased CCO activity reflects decreased neuronal firing and increased regional efficiency. The regions exhibiting reduced CCO activity in response to n-3 PUFA consumption process or are activated by sensory stimuli and contribute to our understanding regarding how n-3 PUFA consumption improved coping behavior in our previous study (Gonzales et al., 2015). Specifically, these regions function together as follows: The IC receives auditory stimuli from both ears and some visual stimuli from the superior colliculus before transmitting these impulses to the medial geniculate nucleus of the thalamus. The thalamus receives input from the periphery, relaying stimuli to the auditory, visual, and somatosensory cortices ultimately activating the amygdala. For example, the quick pain of a footshock, the relevant stimulus in this study, enters the S1 through myelinated afferents suggesting that myelination is crucial for the S1 to receive pain stimuli. The S2 processes incoming stimuli from the S1. The AME is strongly activated by stressful stimuli including auditory stimuli such as ultrasound stress and footshock (reviewed in Zhang et al., 2021).

Earlier work found that dietary fish oil supplementation from conception to adulthood increased CCO subunit VIc mRNA expression in rat whole brain homogenates (Kitajka et al., 2004). One reason for these differences may be due to altered n-3 PUFA status beginning at conception as opposed to in adult animals as in the current work. In work using adult rats, administration of fish oil increased CCO activity in cerebral cortex homogenates (Chomova et al., 2017); however, use of homogenates eliminates the ability to examine regional CCO activity. In support of our findings, others have shown that n-3 PUFA intake affects auditory nerve conduction in rodents (Rahimi et al., 2014) and hearing thresholds in humans, particularly women (Long et al., 2022). In a perinatal ischemic injury model, DHA restored IC morphology and, by increasing myelination, auditory function (Revuelta et al., 2016). With respect to vision, functional connectivity from the retina to the primary visual cortex was lost in macaques with a life-long deficiency in n-3 PUFAs (Grayson et al., 2014). N-3 PUFAs also prevented an increase in inflammatory markers in the amygdala of mice exposed to cold stress (Lin et al., 2020). It is unusual to have multiple significant t-test p-values with CCO histochemistry, particularly with the strict criteria used here to account for multiple comparisons (Shumake and Gonzalez-Lima, 2003; O'Reilly et al., 2009; Rojas et al., 2009; Riha et al., 2011; Vélez-Hernández et al., 2014). This demonstrates the profound and widespread effect of n-3 PUFAs on neural CCO activity, manifested in these rats as a better ability to process sensory stimuli, emotions like fear, and escape the stress of footshock.



4.3 N-3 PUFAs increase the number of inter-regional interactions

We used SEM to determine how dietary n-3 PUFAs alter interactions between brain regions. This analysis revealed three models: (1) the “posterior cingulate model” present in deficient animals as well as (2) the “amygdala model” and (3) “somatosensory model,” present in animals consuming n-3 PUFAs. Perhaps the most striking effect of dietary n-3 PUFA status on inter-regional interactions in our study concerned the amygdaloid complex. Specifically, our “posterior cingulate model” showed that brains obtained from rats deficient in n-3 PUFAs exhibited strong, direct causal interactions, between the PCC, ACO, and AME as well as within the amygdala itself, among the ACO and ABL and to a more moderate extent, between the ACO and ABL. Two studies have shown that n-3 PUFAs increase inter-regional interactions between a limited number of brain regions in adult, obese mice (Arnoldussen et al., 2016) and depressed, middle-aged women (Park et al., 2020); however, behavior was not assessed in these studies. In contrast, much is known about how the regions identified in our model, the PCC and amygdala, affect reward processing and the stress response.

The PCC is multifunctional, densely connected, and highly affected by variabilities in white matter (reviewed in Leech and Sharp, 2014). The PCC is involved in fear memory consolidation, spatial processing, as well as pain perception and processing (Bastuji et al., 2016; Garcia-Larrea and Bastuji, 2018). Interestingly, activation of the PCC leads to errors in reward prediction (Dickhaut et al., 2003). Escape from footshock, assessed in the SBET in our prior publication (Gonzales et al., 2015), can be viewed as a reward. Indeed, this is reflected in the positive relationship between CCO activity in the PCC and SBET escape latency in n-3 PUFA deficient animals, discussed below. In humans, fMRI results indicating altered inter-regional interactions between the PCC and amygdala are associated with post-partum depression and anxiety (Chase et al., 2014; Toazza et al., 2016). This is relevant because, although dietary n-3 PUFAs did not impact behavioral despair in these rats (Gonzales et al., 2015), our study design reflects other studies attempting to model the role of n-3 PUFAs on postpartum depression in rats (Levant et al., 2006, 2007, 2008). Rats in the without n-3 PUFA group did display a reduction in coping, the adaptive behavioral response to stress (Gonzales et al., 2015), reflective of the role of the amygdala in the stress response. For example, hyperexcitability of the amygdala predicts stress behaviors in response to stressors (reviewed in Zhang et al., 2018). Also, in older adult humans, higher resting amygdala cerebral blood flow was associated with reduced resilience to stress, particularly in the ABL of individuals with MDD (Rabinak et al., 2011; Leaver et al., 2018). These studies support our work showing that when rats consume diets without n-3 PUFAs, the inter-regional interactions between the PCC and amygdala as well as the increased interactions within the amygdala itself contributed to the reduced escape behavior from footshock, or failed reward, observed in our prior study (Gonzales et al., 2015).

Our “amygdala model” assessed causal inter-regional influences between the V2La, APTd, PAG, and ABL in rats consuming diets with n-3 PUFAs. In addition, the influence of the DMPF, representing the prefrontal cortex, on the PAG was also determined. The V2La processes visual stimuli (Mertens et al., 2023). Like the V2La, the APTd is involved in vision but this region is also antinociceptive, inhibiting pain (reviewed in Murray et al., 2010; Genaro and Prado, 2021). The PAG is also associated with pain perception (reviewed in Mohammadi et al., 2022) and is active during reactive escape (Jing et al., 2023), as in the SBET. The ABL both acquires and regulates the response to conditioned fear (Gale et al., 2004), expressed as freezing. Finally, the DMPF is implicated in spatial memory (Kitamura et al., 2017). We found that the V2La had almost no causal influence on the ABL, the APTd exerted a modest, inhibitory influence on the ABL, and the primary, inhibitory direct causal influence on the ABL was exerted by the PAG. We also found that the DMPF had an inhibitory influence on the ABL, mediated through the PAG. To our knowledge, little work exists regarding the impact of n-3 PUFAs on these regions and escape or reward behavior. One study showed that dietary n-3 PUFAs increase cannabinoid receptor sensitivity in the ABL, resulting in decreased freezing in response to a conditioned stimulus (Yamada et al., 2014). Others have indicated that n-3 PUFAs reduce pain in humans (Abdulrazaq et al., 2017; Mohammadi et al., 2022; Deng et al., 2023) and mice (Liao et al., 2024). Taken together, these results may indicate that the causal influences between the DMPF and PAG as well as the negative relationships between PAG and APTd with the ABL seen in the rats consuming diets with n-3 PUFAs reflects a focusing of attention away from the sensory stimuli, like pain, that evoke emotion, resulting in less fear and reduced freezing. As a result, these animals were better able to perceive the escape route in the SBET, a behavior associated with active coping.

Active coping strategies develop because, during a stressful event, a short-term memory of the experience is created due to the strength of synapses firing between the hippocampus and the neocortex, particularly in areas that register the stressor (Kitamura et al., 2017). Our “somatosensory model” reflects this, showing strong, direct causal inputs from the thalamus (VPLp) to the S1p and from the S1p to the LS, PRC, as well as the hippocampal DG and CA3 regions in rats consuming n-3 PUFAs. This suggests that the thalamus (VPLp) via the S1p exerted a causal influence on CCO activity in the LS, PRC, and hippocampus. With the exception of the hippocampus, information is lacking regarding how n-3 PUFAs affect these regions. Interestingly, CCO activity in the LS is associated with increased coping and decreased learned helplessness (Shumake et al., 2002) while the PRC and hippocampus both contribute to item-location associated memory (Yang and Naya, 2023). In the case of the SBET, the item may have been the door connecting chambers, through which the rats must escape to terminate footshock. This “somatosensory model” and the above-mentioned “amygdala model” in the “with n-3 PUFA” group may reflect a more synchronized pattern of brain activity, discussed below, facilitating improved spatial awareness during stress leading to adaptive coping techniques and memory formation.



4.4 N-3 PUFAs alter the relationship between regional CCO activity and escape behavior

In animals consuming diets without n-3 PUFAs, the VPLa exhibited higher mean CCO activity than in those consuming diets with n-3 PUFAs. In these animals increased VPLa activity is also correlated with fewer escapes from footshock and increased escape latency, both of which are worse behavioral outcomes in the SBET. This relationship is not observed when n-3 PUFAs are consumed. A similar pattern is observed between the PCC and escape latency. As mentioned above, this may reflect the role of the PCC in reward processing. Of note in the “without” group, increased CCO activity in the S1p was correlated with improved escape behavior. This suggests that increased sensation of footshock, reflected in elevated CCO activity in the S1p, resulted in faster, more frequent escapes. In other words, rodents in the “without” group were using bottom-up processing to respond to, rather than anticipate, the noxious stimulus.

In bottom-up processing, the brain and spinal cord both create and modulate pain perception, while central processing allows for the conscious perception of pain. Acute pain, as in footshock, is transferred from peripheral nociceptors through the dorsal horn of the spinal cord to the brainstem and ventral posterior thalamus, in the current study represented by the VPLa, VPLp, VPM. The information is then transferred to the insula, somatosensory cortices (represented here by the S1a, S1p, S1BFa), cingulate cortices (PCC), the basal ganglia, parietal cortices (PPC), the amygdala (AME, ABL, ACE, ACO), the hypothalamus, and prefrontal cortices (DMPF). Together, these regions are known as the pain matrix. There is also a descending, top-down pathway that controls pain perception. In the PAG, ascending pain stimuli and descending cortical influences, primarily from the hypothalamus, amygdala, rostral anterior cingulate cortex, insula, and orbitofrontal cortex, are integrated to induce analgesia via connection to the rostral medulla. Pain, for example from footshock, is processed in both a bottom-up and top-down fashion (Ruff, 2013).

While the antinociceptive effects of n-3 PUFAs are beginning to be recognized, it is unclear whether this reduction in pain is due to inhibition of bottom up or activation of top-down pain processing. A recent study using a mouse fibromyalgia model showed n-3 PUFAs inhibiting the bottom-up pain pathway, reducing pain (Liao et al., 2024). When considered together, this study, coupled with the correlations between regional CCO activity and escape behavior as well as the SEM results, suggest that rats consuming diets lacking n-3 PUFAs in the current study relied on bottom-up processing due to the relative lack of inter-regional interactions, particularly with the PAG, in contrast to rats consuming n-3 PUFAs, discussed in the preceding section. The use of top-down processing in rats consuming n-3 PUFAs is supported by the increased inter-regional interactions with the S1p in this group potentially demonstrating a shifting of attention towards the S1p in preparation of the next footshock, reflected in the behavior of these animals (Gonzales et al., 2015). Specifically, rodents in the “with” group had an overall increase in escape number and decreased escape latency throughout the SBET. Escape latency decreased with each subsequent trial, perhaps demonstrating that preparatory activity of the S1p increased the speed by which the rodent escaped, reflecting the increased efficiency of the brains of rats consuming diets with n-3 PUFAs.



4.5 N-3 PUFA supplementation results in a more global pattern of inter-regional interactions

This study showed that systemic, chronic dietary manipulation results in changes in network interactions, shifting from a model including two regions, the PCC and amygdala, in n-3 deficient animals to models encompassing 10 regions with a variety of functions in supplemented rats. We believe the greater number of inter-regional interactions in animals that consumed n-3 PUFA resulted in a more global (also referred to integrated or synchronized) functional network of inter-regional interactions allowing rats, and by extension humans, to learn adaptive responses to stressful situations. Global and local (i.e., segregated or desynchronized) functional networks facilitate different aspects of cognition. During a task, local or segregated/desynchronized network communication is required for motor skills, while global or integrated/synchronized, between-network communication is required for working memory (Cohen and D'Esposito, 2016). In support of this, restoration of frontotemporal synchronization in elderly patients experiencing cognitive decline improved working memory (Reinhart and Nguyen, 2019). Similar patterns exist at rest. For example, analysis of healthy human subjects revealed that more integrated, synchronized brains are associated with higher general cognition while segregated, desynchronized brains reflect more crystallized intelligence and higher processing speed (Wang et al., 2021). A balance between integration and segregation is believed to be ideal, supporting memory and allowing for efficient switching between tasks. Our finding that n-3 PUFAs produce a more global pattern of inter-regional interactions is supported by other work. Specifically, in non-human primates, n-3 PUFA deficiency from birth through adulthood resulted in a reduction of inter-regional interactions and an abnormal, more localized, whole-brain functional connectivity structure, when compared to DHA supplementation (Grayson et al., 2014). Similarly, in healthy, elderly humans n-3 PUFAs affected a variety of brain regions and increased global functional network connectivity (Talukdar et al., 2019). Although these studies did not assess behavior, the ability of n-3 PUFAs to shift functional networks towards more a global pattern deserves more exploration as it may explain many of the cognitive phenomena supported by n-3 PUFAs.




5 Conclusion

In conclusion, our results indicate that dietary supplementation of adult, female rats with n-3 PUFAs resulted in more efficient energy metabolism in white matter, impacted a variety of sensorimotor regions, and one region of the amygdala. N-3 PUFAs also increased inter-regional interactions between brain regions, resulting in a more integrated, synchronized pattern of brain connectivity, perhaps facilitated by more efficient signal conduction through white matter. Taken together these alterations support the improved adaptive escape response to stress observed in rats consuming n-3 PUFAs. Future studies should quantify the impact of dietary n-3 PUFAs on myelination as well as processing and perception of the pain of footshock. This study highlights the beneficial effects of n-3 PUFAs, a nutrient often consumed at suboptimal levels.



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 approved by Institutional Animal Care and Use Committees of the University of Texas and Texas State University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

CR: Data curation, Formal analysis, Investigation, Visualization, Writing – original draft, Writing – review & editing. CF: Investigation, Writing – review & editing. MH: Investigation, Writing – review & editing. EG: Investigation, Writing – review & editing. DB: Investigation, Writing – review & editing, Methodology. FG-L: Investigation, Methodology, Writing – review & editing, Resources. ML: Investigation, Methodology, Resources, Writing – review & editing, Conceptualization, Data curation, Formal analysis, Funding acquisition, Project administration, Supervision, Validation, Visualization, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by Texas State University Research Enhancement and Developmental Leave Supplemental Award grants to ML.



Acknowledgments

The authors thank Allison Auchter for her assistance with compiling the CCO image files.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnsys.2024.1423966/full#supplementary-material



References

 Abdulrazaq, M., Innes, J. K., and Calder, P. C. (2017). Effect of ω-3 polyunsaturated fatty acids on arthritic pain: a systematic review. Nutrition 39-40, 57–66. doi: 10.1016/j.nut.2016.12.003

 Arnoldussen, I. A., Zerbi, V., Wiesmann, M., Noordman, R. H., Bolijn, S., Mutsaers, M. P., et al. (2016). Early intake of long-chain polyunsaturated fatty acids preserves brain structure and function in diet-induced obesity. J. Nutr. Biochem. 30, 177–188. doi: 10.1016/j.jnutbio.2015.12.011 

 Bailes, J. E., and Mills, J. D. (2010). Docosahexaenoic acid reduces traumatic axonal injury in a rodent head injury model. J. Neurotrauma 27, 1617–1624. doi: 10.1089/neu.2009.1239 

 Baker, E. J., Miles, E. A., Burdge, G. C., Yaqoob, P., and Calder, P. C. (2016). Metabolism and functional effects of plant-derived omega-3 fatty acids in humans. Prog. Lipid Res. 64, 30–56. doi: 10.1016/j.plipres.2016.07.002

 Bastuji, H., Frot, M., Perchet, C., Magnin, M., and Garcia-Larrea, L. (2016). Pain networks from the inside: spatiotemporal analysis of brain responses leading from nociception to conscious perception. Hum. Brain Mapp. 37, 4301–4315. doi: 10.1002/hbm.23310 

 Betsholtz, C. (2015). Lipid transport and human brain development. Nat. Genet. 47, 699–701. doi: 10.1038/ng.3348

 Billeaud, C., Brines, J., Belcadi, W., Castel, B., and Rigourd, V. (2021). Nutrition of pregnant and lactating women in the first 1000 days of infant. Healthcare (Basel) 10. doi: 10.3390/healthcare10010065 

 Butler, M. J., Deems, N. P., Muscat, S., Butt, C. M., Belury, M. A., and Barrientos, R. M. (2021). Dietary DHA prevents cognitive impairment and inflammatory gene expression in aged male rats fed a diet enriched with refined carbohydrates. Brain Behav. Immun. 98, 198–209. doi: 10.1016/j.bbi.2021.08.214 

 Chase, H. W., Moses-Kolko, E. L., Zevallos, C., Wisner, K. L., and Phillips, M. L. (2014). Disrupted posterior cingulate-amygdala connectivity in postpartum depressed women as measured with resting BOLD fMRI. Soc. Cogn. Affect. Neurosci. 9, 1069–1075. doi: 10.1093/scan/nst083 

 Chen, S., Zhang, H., Pu, H., Wang, G., Li, W., Leak, R. K., et al. (2014). N-3 PUFA supplementation benefits microglial responses to myelin pathology. Sci. Rep. 4:7458. doi: 10.1038/srep07458 

 Chhetry, B. T., Hezghia, A., Miller, J. M., Lee, S., Rubin-Falcone, H., Cooper, T. B., et al. (2016). Omega-3 polyunsaturated fatty acid supplementation and white matter changes in major depression. J. Psychiatr. Res. 75, 65–74. doi: 10.1016/j.jpsychires.2015.12.007 

 Chomova, M., Balazova, M., and Muchova, J. (2017). Diabetes-induced abnormalities of mitochondrial function in rat brain cortex: the effect of n-3 fatty acid diet. Mol. Cell. Biochem. 435, 109–131. doi: 10.1007/s11010-017-3061-6 

 Cohen, J. R., and D'Esposito, M. (2016). The segregation and integration of distinct brain networks and their relationship to cognition. J. Neurosci. 36, 12083–12094. doi: 10.1523/jneurosci.2965-15.2016 

 Collins, M., Bartholomeusz, C., Mei, C., Kerr, M., Spark, J., Wallis, N., et al. (2024). Erythrocyte membrane fatty acid concentrations and myelin integrity in young people at ultra-high risk of psychosis. Psychiatry Res. 337:115966. doi: 10.1016/j.psychres.2024.115966 

 Davis, P. F., Ozias, M. K., Carlson, S. E., Reed, G. A., Winter, M. K., McCarson, K. E., et al. (2010). Dopamine receptor alterations in female rats with diet-induced decreased brain docosahexaenoic acid (DHA): interactions with reproductive status. Nutr. Neurosci. 13, 161–169. doi: 10.1179/147683010x12611460764282

 Deng, W., Yi, Z., Yin, E., Lu, R., You, H., and Yuan, X. (2023). Effect of omega-3 polyunsaturated fatty acids supplementation for patients with osteoarthritis: a meta-analysis. J. Orthop. Surg. Res. 18:381. doi: 10.1186/s13018-023-03855-w 

 Dickhaut, J., McCabe, K., Nagode, J. C., Rustichini, A., Smith, K., and Pardo, J. V. (2003). The impact of the certainty context on the process of choice. Proc. Natl. Acad. Sci. USA 100, 3536–3541. doi: 10.1073/pnas.0530279100 

 Friston, K. J. (2011). Functional and effective connectivity: a review. Brain Connect. 1, 13–36. doi: 10.1089/brain.2011.0008

 Gale, G. D., Anagnostaras, S. G., Godsil, B. P., Mitchell, S., Nozawa, T., Sage, J. R., et al. (2004). Role of the basolateral amygdala in the storage of fear memories across the adult lifetime of rats. J. Neurosci. 24, 3810–3815. doi: 10.1523/jneurosci.4100-03.2004 

 Garcia-Larrea, L., and Bastuji, H. (2018). Pain and consciousness. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 87, 193–199. doi: 10.1016/j.pnpbp.2017.10.007

 Genaro, K., and Prado, W. A. (2021). The role of the anterior pretectal nucleus in pain modulation: a comprehensive review. Eur. J. Neurosci. 54, 4358–4380. doi: 10.1111/ejn.15255 

 Gonzales, E., Barrett, D. W., Shumake, J., Gonzalez-Lima, F., and Lane, M. A. (2015). Omega-3 fatty acids improve behavioral coping to stress in multiparous rats. Behav. Brain Res. 279, 129–138. doi: 10.1016/j.bbr.2014.11.010 

 Grayson, D. S., Kroenke, C. D., Neuringer, M., and Fair, D. A. (2014). Dietary omega-3 fatty acids modulate large-scale systems organization in the rhesus macaque brain. J. Neurosci. 34, 2065–2074. doi: 10.1523/jneurosci.3038-13.2014 

 Gu, Y., Vorburger, R. S., Gazes, Y., Habeck, C. G., Stern, Y., Luchsinger, J. A., et al. (2016). White matter integrity as a mediator in the relationship between dietary nutrients and cognition in the elderly. Ann. Neurol. 79, 1014–1025. doi: 10.1002/ana.24674 

 Heimer, L., and Van Hoesen, G. W. (2006). The limbic lobe and its output channels: implications for emotional functions and adaptive behavior. Neurosci. Biobehav. Rev. 30, 126–147. doi: 10.1016/j.neubiorev.2005.06.006 

 Hochberg, Y. (1988). A sharper Bonferroni procedure for multiple tests of significance. Biometrika 75, 800–802. doi: 10.1093/biomet/75.4.800

 Horman, T., Fernandes, M. F., Tache, M. C., Hucik, B., Mutch, D. M., and Leri, F. (2020). Dietary n-6/n-3 ratio influences brain fatty acid composition in adult rats. Nutrients 12. doi: 10.3390/nu12061847 

 Jamovi (2022). "The jamovi project". 2.3 ed.

 Jiang, X., Pu, H., Hu, X., Wei, Z., Hong, D., Zhang, W., et al. (2016). A post-stroke therapeutic regimen with Omega-3 polyunsaturated fatty acids that promotes white matter integrity and beneficial microglial responses after cerebral ischemia. Transl. Stroke Res. 7, 548–561. doi: 10.1007/s12975-016-0502-6 

 Jing, L., Ma, C., Xu, L., and Richter-Levin, G. (2023). Distinct neural representations and cognitive behaviors attributable to naturally developed active avoidance or reactive escape strategies in the male rat. Int. J. Neuropsychopharmacol. 26, 761–772. doi: 10.1093/ijnp/pyad054 

 Kitajka, K., Sinclair, A. J., Weisinger, R. S., Weisinger, H. S., Mathai, M., Jayasooriya, A. P., et al. (2004). Effects of dietary omega-3 polyunsaturated fatty acids on brain gene expression. Proc. Natl. Acad. Sci. USA 101, 10931–10936. doi: 10.1073/pnas.0402342101 

 Kitamura, T., Ogawa, S. K., Roy, D. S., Okuyama, T., Morrissey, M. D., Smith, L. M., et al. (2017). Engrams and circuits crucial for systems consolidation of a memory. Science 356, 73–78. doi: 10.1126/science.aam6808 

 Kusy, B., Parzecka, K., Kucharczyk, P., and Szczepanik, K. (2024). Long-chain polyunsaturated fatty acids and brain functions - literature review. Wiad. Lek. 77, 1277–1283. doi: 10.36740/WLek202406125

 Leaver, A. M., Yang, H., Siddarth, P., Vlasova, R. M., Krause, B., St Cyr, N., et al. (2018). Resilience and amygdala function in older healthy and depressed adults. J. Affect. Disord. 237, 27–34. doi: 10.1016/j.jad.2018.04.109 

 Leech, R., and Sharp, D. J. (2014). The role of the posterior cingulate cortex in cognition and disease. Brain 137, 12–32. doi: 10.1093/brain/awt162 

 Levant, B., Ozias, M. K., and Carlson, S. E. (2006). Diet (n-3) polyunsaturated fatty acid content and parity interact to alter maternal rat brain phospholipid fatty acid composition. J. Nutr. 136, 2236–2242. doi: 10.1093/jn/136.8.2236 

 Levant, B., Ozias, M. K., and Carlson, S. E. (2007). Specific brain regions of female rats are differentially depleted of docosahexaenoic acid by reproductive activity and an (n-3) fatty acid-deficient diet. J. Nutr. 137, 130–134. doi: 10.1093/jn/137.1.130 

 Levant, B., Ozias, M. K., Davis, P. F., Winter, M., Russell, K. L., Carlson, S. E., et al. (2008). Decreased brain docosahexaenoic acid content produces neurobiological effects associated with depression: interactions with reproductive status in female rats. Psychoneuroendocrinology 33, 1279–1292. doi: 10.1016/j.psyneuen.2008.06.012 

 Liao, H. Y., Yen, C. M., Hsiao, I. H., Hsu, H. C., and Lin, Y. W. (2024). Eicosapentaenoic acid modulates transient receptor potential V1 expression in specific brain areas in a mouse fibromyalgia pain model. Int. J. Mol. Sci. 25. doi: 10.3390/ijms25052901 

 Lin, Y. W., Chou, A. I. W., Su, H., and Su, K. P. (2020). Transient receptor potential V1 (TRPV1) modulates the therapeutic effects for comorbidity of pain and depression: the common molecular implication for electroacupuncture and omega-3 polyunsaturated fatty acids. Brain Behav. Immun. 89, 604–614. doi: 10.1016/j.bbi.2020.06.033 

 Liu, H., Leak, R. K., and Hu, X. (2016). Neurotransmitter receptors on microglia. Stroke Vasc Neurol, 1:52–58. doi: 10.1136/svn-2016-000012 

 Long, L., Jia, Z., and Tang, X. (2022). Serum polyunsaturated fatty acids and hearing threshold shifts in adults in the United States: a cross-sectional study. Front. Public Health 10:939827. doi: 10.3389/fpubh.2022.939827 

 McIntosh, A. R., and Gonzalez-Lima, F. (1991). Structural modeling of functional neural pathways mapped with 2-deoxyglucose: effects of acoustic startle habituation on the auditory system. Brain Res. 547, 295–302. doi: 10.1016/0006-8993(91)90974-z

 McIntosh, A. R., and Gonzalez-Lima, F. (1994). Structural equation modeling and its application to network analysis in functional brain imaging. Hum. Brain Mapp. 2, 2–22. doi: 10.1002/hbm.460020104

 Mertens, P. E. C., Marchesi, P., Ruikes, T. R., Oude Lohuis, M., Krijger, Q., Pennartz, C. M. A., et al. (2023). Coherent mapping of position and head direction across auditory and visual cortex. Cereb. Cortex 33, 7369–7385. doi: 10.1093/cercor/bhad045 

 Mohammadi, M. M., Mirjalili, R., and Faraji, A. (2022). The impact of omega-3 polyunsaturated fatty acids on primary dysmenorrhea: a systematic review and meta-analysis of randomized controlled trials. Eur. J. Clin. Pharmacol. 78, 721–731. doi: 10.1007/s00228-021-03263-1 

 Murray, P. D., Masri, R., and Keller, A. (2010). Abnormal anterior pretectal nucleus activity contributes to central pain syndrome. J. Neurophysiol. 103, 3044–3053. doi: 10.1152/jn.01070.2009 

 Nair, H. P., Collisson, T., and Gonzalez-Lima, F. (1999). Postnatal development of cytochrome oxidase activity in fiber tracts of the rat brain. Brain Res. Dev. Brain Res. 118, 197–203. doi: 10.1016/s0165-3806(99)00149-2

 O'Reilly, K. C., Shumake, J., Bailey, S. J., Gonzalez-Lima, F., and Lane, M. A. (2009). Chronic 13-cis-retinoic acid administration disrupts network interactions between the raphe nuclei and the hippocampal system in young adult mice. Eur. J. Pharmacol. 605, 68–77. doi: 10.1016/j.ejphar.2008.12.037 

 Padilla, E., Barrett, D., Shumake, J., and Gonzalez-Lima, F. (2009). Strain, sex, and open-field behavior: factors underlying the genetic susceptibility to helplessness. Behav. Brain Res. 201, 257–264. doi: 10.1016/j.bbr.2009.02.019 

 Padilla, E., Shumake, J., Barrett, D. W., Holmes, G., Sheridan, E. C., and Gonzalez-Lima, F. (2010). Novelty-evoked activity in open field predicts susceptibility to helpless behavior. Physiol. Behav. 101, 746–754. doi: 10.1016/j.physbeh.2010.08.017 

 Padilla, E., Shumake, J., Barrett, D. W., Sheridan, E. C., and Gonzalez-Lima, F. (2011). Mesolimbic effects of the antidepressant fluoxetine in Holtzman rats, a genetic strain with increased vulnerability to stress. Brain Res. 1387, 71–84. doi: 10.1016/j.brainres.2011.02.080 

 Park, S.-J., Lee, D.-K., Kim, B., Na, K.-S., Lee, C.-H., Son, Y.-D., et al. (2020). The association between Omega-3 fatty acid intake and human brain connectivity in middle-aged depressed women. Nutrients 12:2191. doi: 10.3390/nu12082191 

 Patel, D., Kas, M. J., Chattarji, S., and Buwalda, B. (2019). Rodent models of social stress and neuronal plasticity: relevance to depressive-like disorders. Behav. Brain Res. 369:111900. doi: 10.1016/j.bbr.2019.111900

 Paxinos, G., and Watson, C. (2006). The rat brain in stereotaxic coordinates: Hard cover edition : Elsevier.

 Pawełczyk, T., Grancow-Grabka, M., Trafalska, E., Szemraj, J., and Pawełczyk, A. (2017). Oxidative stress reduction related to the efficacy of n-3 polyunsaturated fatty acids in first episode schizophrenia: Secondary outcome analysis of the OFFER randomized trial. Prostaglandins Leukot Essent Fatty Acids, 121, 7–13. doi: 10.1016/j.plefa.2017.05.004 

 Peters, B. D., Duran, M., Vlieger, E. J., Majoie, C. B., den Heeten, G. J., Linszen, D. H., et al. (2009). Polyunsaturated fatty acids and brain white matter anisotropy in recent-onset schizophrenia: a preliminary study. Prostaglandins Leukot. Essent. Fatty Acids 81, 61–63. doi: 10.1016/j.plefa.2009.04.007 

 Posit, T. (2023). RStudio: Integrated development environment for R. PBC, Boston, MA: Posit Software.

 Prado, E. L., and Dewey, K. G. (2014). Nutrition and brain development in early life. Nutr. Rev. 72, 267–284. doi: 10.1111/nure.12102

 Pu, H., Guo, Y., Zhang, W., Huang, L., Wang, G., Liou, A. K., et al. (2013). Omega-3 polyunsaturated fatty acid supplementation improves neurologic recovery and attenuates white matter injury after experimental traumatic brain injury. J. Cereb. Blood Flow Metab. 33, 1474–1484. doi: 10.1038/jcbfm.2013.108 

 Puga, F., Barrett, D. W., Bastida, C. C., and Gonzalez-Lima, F. (2007). Functional networks underlying latent inhibition learning in the mouse brain. NeuroImage 38, 171–183. doi: 10.1016/j.neuroimage.2007.06.031 

 Rabinak, C. A., Angstadt, M., Welsh, R. C., Kenndy, A. E., Lyubkin, M., Martis, B., et al. (2011). Altered amygdala resting-state functional connectivity in post-traumatic stress disorder. Front. Psych. 2:62. doi: 10.3389/fpsyt.2011.00062 

 Rahimi, V., Farahani, S., Saeidpour, A., Jalaie, S., and Mahdi, P. (2014). Effects of fish oil supplementation during the suckling period on auditory neural conduction in n-3 fatty acid-deficient rat pups. Iran. J. Otorhinolaryngol. 26, 135–141 

 Rapoport, S. I., Rao, J. S., and Igarashi, M. (2007). Brain metabolism of nutritionally essential polyunsaturated fatty acids depends on both the diet and the liver. Prostaglandins Leukot. Essent. Fatty Acids 77, 251–261. doi: 10.1016/j.plefa.2007.10.023 

 Reinhart, R. M. G., and Nguyen, J. A. (2019). Working memory revived in older adults by synchronizing rhythmic brain circuits. Nat. Neurosci. 22, 820–827. doi: 10.1038/s41593-019-0371-x 

 Revuelta, M., Arteaga, O., Montalvo, H., Alvarez, A., Hilario, E., and Martinez-Ibargüen, A. (2016). Antioxidant treatments recover the alteration of auditory-evoked potentials and reduce morphological damage in the inferior colliculus after perinatal asphyxia in rat. Brain Pathol. 26, 186–198. doi: 10.1111/bpa.12272 

 Riha, P. D., Rojas, J. C., and Gonzalez-Lima, F. (2011). Beneficial network effects of methylene blue in an amnestic model. NeuroImage 54, 2623–2634. doi: 10.1016/j.neuroimage.2010.11.023 

 Rodríguez-Iglesias, N., Nadjar, A., Sierra, A., and Valero, J. (2022). Susceptibility of female mice to the dietary Omega-3/Omega-6 fatty-acid ratio: effects on adult hippocampal neurogenesis and glia. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23063399 

 Rojas, J. C., Simola, N., Kermath, B. A., Kane, J. R., Schallert, T., and Gonzalez-Lima, F. (2009). Striatal neuroprotection with methylene blue. Neuroscience 163, 877–889. doi: 10.1016/j.neuroscience.2009.07.012 

 Ruff, C. C. (2013). Sensory processing: who's in (top-down) control? Ann. N. Y. Acad. Sci. 1296, 88–107. doi: 10.1111/nyas.12204 

 Sakata, J. T., Coomber, P., Gonzalez-Lima, F., and Crews, D. (2000). Functional connectivity among limbic brain areas: differential effects of incubation temperature and gonadal sex in the leopard gecko, Eublepharis macularius. Brain Behav. Evol. 55, 139–151. doi: 10.1159/000006648 

 Salvati, S., Natali, F., Attorri, L., Di Benedetto, R., Leonardi, F., Di Biase, A., et al. (2008). Eicosapentaenoic acid stimulates the expression of myelin proteins in rat brain. J. Neurosci. Res. 86, 776–784. doi: 10.1002/jnr.21537 

 Sanchez, C., Colson, C., Gautier, N., Noser, P., Salvi, J., Villet, M., et al. (2024). Dietary fatty acid composition drives neuroinflammation and impaired behavior in obesity. Brain Behav. Immun. 117, 330–346. doi: 10.1016/j.bbi.2024.01.216

 Schneiderman, N., Ironson, G., and Siegel, S. D. (2005). Stress and health: psychological, behavioral, and biological determinants. Annu. Rev. Clin. Psychol. 1, 607–628. doi: 10.1146/annurev.clinpsy.1.102803.144141 

 Shumake, J., Edwards, E., and Gonzalez-Lima, F. (2002). Dissociation of septo-hippocampal metabolism in the congenitally helpless rat. Neuroscience 114, 373–377. doi: 10.1016/s0306-4522(02)00297-x 

 Shumake, J., and Gonzalez-Lima, F. (2003). Brain systems underlying susceptibility to helplessness and depression. Behav. Cogn. Neurosci. Rev. 2, 198–221. doi: 10.1177/1534582303259057 

 Shumake, J., Poremba, A., Edwards, E., and Gonzalez-Lima, F. (2000). Congenital helpless rats as a genetic model for cortex metabolism in depression. Neuroreport 11, 3793–3798. doi: 10.1097/00001756-200011270-00040 

 Simopoulos, A. P. (1999). Essential fatty acids in health and chronic disease. Am. J. Clin. Nutr. 70, 560s–569s. doi: 10.1093/ajcn/70.3.560s

 Simopoulos, A. P. (2002). The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 56, 365–379. doi: 10.1016/s0753-3322(02)00253-6

 Spivey, J. M., Shumake, J., Colorado, R. A., Conejo-Jimenez, N., Gonzalez-Pardo, H., and Gonzalez-Lima, F. (2009). Adolescent female rats are more resistant than males to the effects of early stress on prefrontal cortex and impulsive behavior. Dev. Psychobiol. 51, 277–288. doi: 10.1002/dev.20362 

 Talukdar, T., Zamroziewicz, M. K., Zwilling, C. E., and Barbey, A. K. (2019). Nutrient biomarkers shape individual differences in functional brain connectivity: evidence from omega-3 PUFAs. Hum. Brain Mapp. 40, 1887–1897. doi: 10.1002/hbm.24498 

 Taoro-González, L., Pereda, D., Valdés-Baizabal, C., González-Gómez, M., Pérez, J. A., Mesa-Herrera, F., et al. (2022). Effects of dietary n-3 LCPUFA supplementation on the Hippocampus of aging female mice: impact on memory, lipid raft-associated glutamatergic receptors and Neuroinflammation. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23137430 

 Toazza, R., Franco, A. R., Buchweitz, A., Molle, R. D., Rodrigues, D. M., Reis, R. S., et al. (2016). Amygdala-based intrinsic functional connectivity and anxiety disorders in adolescents and young adults. Psychiatry Res. Neuroimaging 257, 11–16. doi: 10.1016/j.pscychresns.2016.09.010 

 Toda, T., Parylak, S. L., Linker, S. B., and Gage, F. H. (2019). The role of adult hippocampal neurogenesis in brain health and disease. Mol. Psychiatry 24, 67–87. doi: 10.1038/s41380-018-0036-2 

 Valenzuela, B., Tapia, O., Gonzalez, E., and Valenzuela, B. (2011). Omega-3 fatty acids (EPA and DHA) and its application in diverse clinical situations. Rev. Chilena Nutrición 38, 356–367.

 Vélez-Hernández, M. E., Padilla, E., Gonzalez-Lima, F., and Jiménez-Rivera, C. A. (2014). Cocaine reduces cytochrome oxidase activity in the prefrontal cortex and modifies its functional connectivity with brainstem nuclei. Brain Res. 1542, 56–69. doi: 10.1016/j.brainres.2013.10.017 

 Wang, R., Liu, M., Cheng, X., Wu, Y., Hildebrandt, A., and Zhou, C. (2021). Segregation, integration, and balance of large-scale resting brain networks configure different cognitive abilities. Proc. Natl. Acad. Sci. USA 118. doi: 10.1073/pnas.2022288118 

 Ward, R. E., Huang, W., Curran, O. E., Priestley, J. V., and Michael-Titus, A. T. (2010). Docosahexaenoic acid prevents white matter damage after spinal cord injury. J. Neurotrauma 27, 1769–1780. doi: 10.1089/neu.2010.1348 

 Wong-Riley, M. T. (2012). Bigenomic regulation of cytochrome c oxidase in neurons and the tight coupling between neuronal activity and energy metabolism. Adv. Exp. Med. Biol. 748, 283–304. doi: 10.1007/978-1-4614-3573-0_12 

 Yamada, D., Takeo, J., Koppensteiner, P., Wada, K., and Sekiguchi, M. (2014). Modulation of fear memory by dietary polyunsaturated fatty acids via cannabinoid receptors. Neuropsychopharmacology 39, 1852–1860. doi: 10.1038/npp.2014.32 

 Yang, C., and Naya, Y. (2023). Sequential involvements of the perirhinal cortex and hippocampus in the recall of item-location associative memory in macaques. PLoS Biol. 21:e3002145. doi: 10.1371/journal.pbio.3002145 

 Zhang, X., Ge, T. T., Yin, G., Cui, R., Zhao, G., and Yang, W. (2018). Stress-induced functional alterations in amygdala: implications for neuropsychiatric diseases. Front. Neurosci. 12:367. doi: 10.3389/fnins.2018.00367 

 Zhang, W. H., Zhang, J. Y., Holmes, A., and Pan, B. X. (2021). Amygdala circuit substrates for stress adaptation and adversity. Biol. Psychiatry 89, 847–856. doi: 10.1016/j.biopsych.2020.12.026


Copyright
 © 2024 Rivers, Farber, Heath, Gonzales, Barrett, Gonzalez-Lima and Lane. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dietary omega-3 polyunsaturated fatty acids reduce cytochrome c oxidase in brain white matter and sensorimotor regions while increasing functional interactions between neural systems related to escape behavior in postpartum rats



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Tissue processing



		2.3 Statistical analysis: regional mean CCO activity



		2.4 Statistical analysis: structural equation modeling of inter-regional interactions



		2.5 Statistical analysis: brain-behavior interactions









		3 Results



		3.1 Regional mean CCO activity



		3.2 Structural equation modeling of inter-regional interactions



		3.3 Brain-behavior interactions









		4 Discussion



		4.1 N-3 PUFAs decrease CCO activity in white matter bundles, reflecting increased efficiency



		4.2 N-3 PUFAs decrease CCO activity in somatosensory regions and the medial amygdala



		4.3 N-3 PUFAs increase the number of inter-regional interactions



		4.4 N-3 PUFAs alter the relationship between regional CCO activity and escape behavior



		4.5 N-3 PUFA supplementation results in a more global pattern of inter-regional interactions









		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
& frontiers  Frontiers in Systems Neuroscience

Dietary omega-3 polyunsaturated
fatty acids reduce cytochrome c
oxidase in brain white matter and

sensorimotor regions while

increasing functional interactions
between neural systems related

to escape behavior in postpartum

rats












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Systems Neuroscience






OPS/images/fnsys-18-1423966-g005.jpg
A Without n-3 PUFAs: Posterior Cingulate Model

PR
o v 20
B=0.87 S
P <0.001

C With n-3 PUFAs: Somatosensory Model

b <0001






OPS/images/fnsys-18-1423966-g006.jpg
Correlation Coefficient (R)

1.0

0.5

0.0

Il Without n-3 PUFAs
=] Withn-3 PUFAs

*F‘,l‘*

T T T T

VPLa  VPLa  PCC sip
Escape Escape Latency
Number





OPS/images/fnsys-18-1423966-g003.jpg





OPS/images/fnsys-18-1423966-g004.jpg
A Without n-3 PUFAs

Auditory system

Septal area

PFTCS

Escape system






OPS/images/fnsys-18-1423966-t002.jpg
Without n-3 With n-3 PUFA

PUFAs

Sensorimotor regions

Inferior colliculus, deep (ICd)* -80 136.6(128.1,1451] 10 1047 [97.4,112.0) 9 <0000
Primary somatic sensorimotor cortex, anterior measurement (Sla) -18 178.7(1693,1882] 10 152.2(144.7, 159.8) 9 <0000
Primary somatic sensorimotor cortex, barrel field, anterior -18 177.11645,1898] 10 150.8 [143.2, 158.4] 9 0001*

‘measurement (S1BFa)

Inferior colliculus, superficial (ICs) -80 1111[967,1255] 10 746 (58.9,90.3] 8 0.001%
Secondary visual cortex, lateral, anterior measurement (V2La) -58 181.1[1745,187.6] 10 1609 [149.7, 172.1] 8 0.002%
Ventral posterior nucleus, lateral, anterior measurement (VPLa) -212 1699[1585,181.2] 9 1494 [144.1, 1547 9 0002*
Secondary somatic sensorimotor cortex (52) -18 2020(1889,2150) 9 1805 [175.1, 185.9] 9 0003
ary visual cortex, binocular (V1b) -80 2005[1884,2127] 10 1793 [173.0, 185.6] 8 0005
Anterior pretectal nucleus, dorsal (APTd) -58 1753(1679,1826) 9 1609 [152.1, 169.7) 9 ool
Anterior pretectal nucleus, ventral (APTv) -58 1413[1345,148.1] 9 1260 [114.4, 137.6] 9 o018
Ventral posterior nucleus, lateral, posterior measurement (VPLp) -28 1220(1102,1339] 10 105.0(93.6,116.4] 9 0031
Superior colliculus, deep (SCd) -80 1534 (1421, 1648) 10 1400 1339, 146.2] 9 0036
Ventral posterior nucleus, medial (VPM) -28 1596 [1460,1733] 10 1432 [128.2,158.2] 9 0081

ary somatic sensorimotor cortex, posterior measurement (S1p) -28 1584 (1463,1704] 9 147.9 [136.2,159.7) 9 07l

Dorsal striatum (STR) 07 188.1(176.1,200.1] 10 1919 [176.5, 207.4] 9 0656

Cognitive and emotional regions

Medial nucleus of the amygdala (AME) 212 1980(1849,21L1] 10 175.1 (1679, 182.3] 9 0004*
Median raphe nucleus (MRN) -80 1666 (1567,1765] 10 1477 (1383, 157.2) 9 0006
Posterior cingulate cortex (PCC) -212 2151 [2308,2593] | 10 2213 (2119, 2308] 9 0007
Dorsal raphe nucleus (DRN) -80 1911(1738,2085] 10 1677 (156.5,178.9) 9 o002
Lateral habenula (LH) -28 205.5(1893,221.7) | 10 1775 (154.4,200.7) 9 0034
Medial habenula (MH) -28 184.2(1652,2032] 10 1597 [144.6,1749) 9 0037
Periaqueductal gray (PAG) -538 1748(160.1,1895] 10 1540 (1386, 169.3] 9 0039
Basolateral nucleus of the amygdala (ABL) -212 214.1[197.5,2306] | 10 195.8 (1882, 203.4] 9 ooa2
Dentate gyrus (DG) —280and 22 | 2283[2156,24.1] | 10 2126 [201.5,223.7) 9 0051
Mediodorsal nucleus of the thalamus (D) -28 149.6(1345,1647] 10 1339 1239, 144.0] 9 oon
Central nucleus of the amygdala (ACE) -212 2029186.0,2198] | 10 1882 (179.8, 196.5] 9 0106
Medial septal nucleus (MS) 07 157.2(1426,1719] 10 1467 (1363, 157.1] 9 0210
Dorsomedial prefrontal cortex (DMPE) 27 165.5(1515,1795] 10 155.2 (1411, 169.4] 8 0258
Cortical nucleus of the amygdala (ACO) 212 193.401735,2133] 10 1810 (1705, 191.6] 9 024
Hippocampus, CA1 (CA1) 28 100(1028,1173] 10 1037 90.3,117.2) 9 0346
Prelimbic frontal cortex (PrL) 27 157.6(147.2,1680] 10 1519 (138.8, 165.0] 8 0437
Rostral linear raphe nucleus (RLi) -58 1613(1383,1844] 10 1504 [131.1,169.7) 9 0427
Interpeduncular nucleus (IPN) -538 2664[251.7,2811] | 10 2612 [241.9,280.5] 9 0628
Posterior parietal cortex (PPC) -28 1466137.2,1559] 10 1443 (1323, 156.3] 9 0735
Ventral tegmental area (VTA) 58 79.4(65.6,93.2] 10 753 (459, 1046] 9 o7
Nucleus accumbens (Acb) 07 1963(177.2,2153] 10 194.1 (1768, 211.4] 9 0849
Hippocampus, CA3 (CA3) -28 1L1100.1,122] 10 1116(97.3,125.9] 9 0948
Perirhinal cortex (PRC) -28 13271222,1433] 10 1343 (121.2,147.3) 9 0837
Lateral septal nucleus (LS) 07 2068 (187.0,2267] | 10 2208 [204.5,237.2] 9 0237

‘Units represent CCO activty (§mol/min/g wet tissue weight). Data shown are the mean with 95% confidence intervals.
"Dentate gyrus CCO activity was averaged at both Bregma levels within each subject,
“Significant using Hochbergh sharper Bonferroni correction at uncorrected p<0.005.
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