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Adult-born neurons in the dentate gyrus (DG) make important contributions to learning as they integrate into neuronal networks. Neurogenesis is dramatically reduced by a number of conditions associated with cognitive impairment, including type 2 diabetes mellitus (T2DM). Increasing neurogenesis may thus provide a therapeutic target for ameliorating diabetes-associated cognitive impairments, but only if new neurons remain capable of normal function. To address the capacity for adult-generated neurons to incorporate into functional circuits in the hyperglycemic DG, we measured Egr1 expression in granule cells (GCs), BrdU labeled four weeks prior, in Goto-Kakizaki (GK) rats, an established model of T2DM, and age-matched Wistars. The results indicate that while fewer GCs are generated in the DG of GK rats, GCs that survive readily express Egr1 in response to spatial information. These data demonstrate that adult-generated GCs in the hyperglycemic DG remain functionally competent and support neurogenesis as a viable therapeutic target.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) has long been associated with cognitive impairment and an increased risk of dementia. In fact, this association appeared in literature over 70 years ago with the introduction of the term diabetic encephalopathy to describe CNS-related complications of diabetes (Dejong, 1950). As our understanding has progressed, these deficits are more commonly referred to as diabetes-associated cognitive decline (DACD; Mijnhout et al., 2006). Despite a long history, the mechanisms by which T2DM undermines defined neural circuits that support cognitive function remains unknown. Clarifying the neuronal changes that drive DACD may be aided through the use of animal models such as the Goto-Kakizaki (GK) rat (Goto et al., 1975; Kimura et al., 1982), a strain selectively bred for insulin resistance and persistent hyperglycemia in the absence of obesity. Importantly, these animals display cognitive deficits (e.g., Matsunaga et al., 2016; Li et al., 2017; Tian et al., 2018; Yang et al., 2018) comparable to those exhibited by humans with T2DM (e.g., Biessels et al., 2006; Lu et al., 2009; Cukierman-Yaffe, 2014; Palta et al., 2014; Moheet et al., 2015).

Among neuronal changes described in GK rats thought to contribute to DACD is an accelerated granule cell (GC) turnover resulting in decreased survival of adult-generated granule cells (agGCs) both in the hippocampus (Lang et al., 2009; Beauquis et al., 2010) and olfactory bulb (Lietzau et al., 2018). In addition to looking for changes in the proliferation, differentiation, and survival of agGCs, it is important to assess the capacity of these cells to incorporate into functional neuronal networks that support cognition. The participation of agGCs in networks can be assessed through the expression of several activity-dependent gene products (Jessberger and Kempermann, 2003; Ramirez-Amaya et al., 2006; Kee et al., 2007; Alme et al., 2010; Stone et al., 2011), including early growth response 1 (Egr1; Tashiro et al., 2007). The present study assays the capacity of agGCs to participate in behaviorally-induced Egr1 in response to spatial information. Assessing the functional competency of these GCs is critical because it has direct implications for the treatment of DACD—if agGCs cannot integrate into neuronal networks then neurogenesis is not a viable therapeutic target and up-regulating neurogenesis may actually worsen DACD.



MATERIALS AND METHODS

All procedures were approved by the Wilfrid Laurier University Animal Care Committee, in compliance with the standards of the Canadian Council on Animal Care. Note that all reagents are from Millipore Sigma Canada (Oakville, ON) unless otherwise specified.


Subjects

The current study includes 16 male Wistar rats (Charles River, St. Constance, QC) and 16 male Goto-Kakizaki rats (bred at Wilfrid Laurier University from stock originally obtained from Charles River). Wistar rats were individually housed upon arrival, and GK rats were moved from group housing to individual cages. All rats were 6–8 months old at the beginning of the experiment, and were given one week to acclimate to individual housing before any other procedures were conducted. All animals received an inverted 12 h light cycle and maintained with water and food ad libitum.



Morris Water Maze

Spatial memory was tested with the Morris watermaze as previously described (Marrone et al., 2012; Gheidi et al., 2020). Briefly, each rat received 6 trials per day in a 1.8 m diameter pool, at a maximum of 60 s per trial, for 4 consecutive days. The platform was hidden 2 cm below the surface of water made opaque using tempera paint. At the end of day 4, a probe trial was conducted in which the platform was removed to assess the proximity of the swim path to the target location. A final test day, consisting of 12 trials in which the platform was visible, assessed sensorimotor function.



BrdU Administration

Following water maze testing, animals received daily injections of BrdU (50 mg/kg i.p.) for 5 days. Following the injections, rats remained undisturbed in their home cages for 4 weeks.



Spatial Exploration

Groups of 8 GK and 8 Wistar rats underwent 5 min of spatial exploration, as described previously (Ramírez-Amaya et al., 2005; Marrone et al., 2012). The exploration environment was a 70 × 70 cm open box with 20-cm-high walls, partitioned into nine grids. Each rat was moved to the center of a different grid every 15 s such that each grid was visited two or three times during the 5 min session. Rats were then immediately placed back in their home cage. Another 8 GK and 8 Wistar rats remained in their home cages as control animals.



Tissue Preparation

Thirty minutes after the exploration session, animals were decapitated and the brains were extracted and frozen in 2-methylbutane immersed in a secondary container holding a slurry of dry ice and ethanol. Brain hemisections containing the right dorsal hippocampus from 2 brains from each group were molded into blocks with frozen section embedding media (VWR Canada, Mississauga, ON). The 4 blocks were then cryosectioned into 20 μm coronal sections, thaw-mounted on Superfrost-plus slides (VWR), dried, and stored at −70°C.



Immunohistochemistry

One in every 10 slides from each block was selected from the dorsal hippocampus for immunohistochemistry (IHC) using previously described protocols (Ramirez-Amaya et al., 2006; Marrone et al., 2012; Meconi et al., 2015). Slides were fixed in 2% formaldehyde for 5 min, permeabilized with acetone/methanol (1:1 v/v) at 4°C for 5 min, washed in TBS, and then quenched with 1% H2O2 (in TBS) for 15 min. After blocking with Superglo blocking buffer for 30 mins (Fluorescent Solutions, Augusta, GA), the slides were incubated (4°C overnight) with anti-NeuN-HRP (1:2,000) and labeled with Superglo blue for 30 mins (Fluorescent Solutions, Augusta, GA). Slides were then incubated (4°C for 2 h) in polyclonal rabbit anti-Egr1-HRP (1:500, Santa Cruz Biotechnology, Dallas, TX), followed by Superglo red for 30 mins (1:50, Fluorescent Solutions). The DNA was then denatured with a 50% formamide/2 × SSC (1:1 v/v, Sigma) at 65°C for 2 h, incubated in 2N HCl at 37°C for 30 min, and washed in 0.1 M borate buffer (pH 8.5, Sigma) for 10 min. before incubation (4°C for 24 h) with mouse anti-BrdU-HRP (1:100, Roche) followed by Superglo green (Fluorescent Solutions). If imaging was not possible from any processed tissue (e.g., because a section was torn during sectioning), adjacent slides were selected for further processing.



Confocal Imaging and Analysis

Imaging and analysis was conducted as described previously (Ramirez-Amaya et al., 2006; Marrone et al., 2012; Satvat et al., 2012; Meconi et al., 2015). Modifications are described below. Analysis was restricted to the suprapyramidal blade (also referred to as the dorsal blade) of the DG, as the key observation here is Egr1 expression in both developmentally- and adult-generated GCs, and this region shows most of the behaviorally-driven IEG expression in the DG in response to spatial processing (Chawla et al., 2005; Ramirez-Amaya et al., 2006; Marrone et al., 2012; Meconi et al., 2015). Images were obtained with an Olympus FV1000 (Olympus Canada, Mississauga, ON) confocal microscope with using a 40× objective. Image stacks were collected from the whole thickness of the tissue (20 μm), over the entire DG for each animal. The imaging parameters were set using a Wistar caged control on a given slide, and all images in that slide were taken with the same parameters. At least 10 whole DG regions, taken from selected sections and ranging from ~4–5.5 mm from the interaural plane (Paxinos and Watson, 2006), were imaged for each animal.

Each DG was reconstructed with ImageJ (NIH) using the middle plane from each stack, resulting in a 2D image (Figure 1). This image then was used as the reference image, and the 40× image stack was used to identify the BrdU+/NeuN+ and Egr1+ cells. Each BrdU+ cell co-localizing with NeuN was considered a new GC, and the Egr1+ cells were considered the activated neurons. Each NeuN+ cell that was classified as BrdU+, Egr1+, or both was annotated in the reference image and verified in high-magnification confocal stacks. After all image stacks were collected and all positive cells in the suprapyramidal blade were classified, the volume of the suprapyramidal granular cell layer was calculated in the reference image, from the genu to the most dorsal tip of the granule cell layer.
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FIGURE 1. Task-dependent Egr1 transcription. Sample tile-scans (scale bar = 100 μm) show Egr1 (red) BrdU (green) and NeuN (blue) in the dorsal dentate gyrus from each group. Fewer BrdU+ cells can be seen in GK rats (left) compared to Wistars (right) in both groups. These images show that caged control (caged, above) rats of both strains show few Egr1+ GCs. A robust up-regulation of Egr1 can be seen, largely in the suprapyramidal blade, in both strains of rats that engaged environmental exploration (Explore, bottom), although more robust Egr1 expression occurs in Wistars.




Statistics

Spatial learning trials and visual trials in the Morris water maze were analyzed with repeated measures analysis of variance (ANOVA), using training day as the repeated factor. Probe trial performance was assessed using paired-sample t-tests, pairing for each animal the time spent in the quadrant of the maze that previously held the platform with the opposite quadrant. Analysis of Egr1 and BrdU expression was conducted using a 2 × 2 ANOVA with strain (i.e., Wistar vs. GK) and behavioral group (i.e., exploration vs. caged controls) as factors. Egr1 expression was also analyzed independently in BrdU+ and BrdU-labeled GCs only in animals that explored a novel environment using a one-way ANOVA. All post hoc tests were conducted using Tukey's honest significant difference. All contrasts were calculated using JASP 0.14.3 (JASP Team, 2021).




RESULTS


Goto-Kakizaki Rats Have Impaired Spatial Reference Memory

Consistent with previous data (e.g., Li et al., 2017; Tian et al., 2018; Yang et al., 2018; Ke et al., 2020), GK rats showed robust spatial memory deficits in the Morris water maze (Figure 2). Importantly, they showed no deficit in their ability to locate a visible platform.
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FIGURE 2. Goto-Kakizaki (GK) rats show impaired spatial reference memory in the Morris water maze. Path lengths (A) show that GK rats (square) swam longer paths to reach the hidden platform (black lines) than did the age-matched Wistar rats (diamond). When the platform was visible (gray lines), GKs and Wistars had comparable path lengths. During probe trials (B) with the platform removed, Wistars (white), but not GKs (gray) spent more time in the maze quadrant that previously contained the platform (blank) compared to the opposite quadrant (hatched). Representative path lengths (C) during the probe trial confirm that during probe trials, Wistar rats (above) swim from their start point (blue) to the platform's quadrant and swim a more confined pattern with an end point (red) adjacent to the platform's previous location. GK rats (below) swim through a greater proportion of the maze and at a greater distance from the platform's previous location (all data are mean ± SEM; *p < 0.05, GK vs. Wistar).


Although all rats showed improvement over trials (main effect of training day: F3,90 = 5.71, p = 0.001), GK rats swam longer paths to the platform relative to Wistars (Figure 2A). Although no main effect of strain was observed (F1,30 = 1.16, p = 0.29), a significant strain by training day interaction (F1,16 = 4.53, p = 0.007) shows that strain-related differences in spatial learning emerged larger over the course of training. Post hoc analyses confirmed that differences in path lengths between GK and Wistar rats grew larger as training time progressed, reaching significance on days 3 (p = 0.02) and 4 (p = 0.003). Similarly, during probe trials (Figures 2B,C) Wistar rats spent significantly more time in the target quadrant of the pool that previously held the escape platform compared to the opposite platform (t15 = 8.82, p < 0.001). In contrast, GK rats did not (t15 = 1.54, p = 0.07).

However, when the platform was made visible (Figure 2A, inset), no significant difference was observed between the path lengths of GKs and Wistars (main effect of strain: F1,30 = 3.19, p = 0.09), and all rats improved across the 2 days of training (main effect of day: F1,30 = 58.44, p < 0.001). A significant interaction was observed between strain and training day (F1,30 = 6.32, p = 0.02) was observed. Post-hoc tests showed that while GK rats took longer path lengths than Wistars on day 1 (p = 0.04), by day 2 no significant difference was apparent (p = 0.65). Thus, the impairments of GK rats cannot be accounted for by changes in visual acuity or motor abilities.



Fewer Adult-Born Granule Cells Survive 4 Weeks in Goto-Kakizaki Rats

BrdU expression (Figure 3A, middle) was significantly lower in GKs (F1,28 = 181.45, p < 0.001) relative to Wistars (Figure 3B), comparable to previous reports (e.g., Lang et al., 2009). In addition, exploration did not influence the number of agGCs (F1,28 = 0.11, p = 0.74) as expected, since BrdU injections occurred 4 weeks before exploration, long after the period in which exercise and/or spatial experience influences agGCs (e.g., Gould et al., 1999; van Praag et al., 1999; Ambrogini et al., 2000).
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FIGURE 3. Egr1 expression in adult-generated granule cells (agGCs) is preserved in Goto-Kakizaki (GK) rats. Sample confocal projection images (A, scale bar = 50 μm) show GCs labeled with NeuN (blue, left), BrdU (green, middle), and Egr1 (red, right) portraying examples of cells labeled with each marker, including a BrdU+/Egr1+ neuron. Quantitative data show that (B) fewer BrdU+ cells were observed in GKs (gray) relative to Wistars (white) with no difference found between animals that explored a novel environment (hatched) relative to caged controls (solid). In addition (C), fewer GCs express Egr1 in GKs relative to Wistars, although exploring animals show more Egr1+ GCs than caged controls. When analyzing newborn BrdU+ (D) and older BrdU- (E) GCs by volume, both show a significant decrease in GKs relative to Wistars. However, if Egr1 expression in agGCs is quantified as a proportion of all BrdU+ cells (F), no difference is seen, indicating that agGCs in both strains have an equal probability of being recruited to be active during a single discrete experience (All data are mean ± SEM; *p < 0.05, **p < 0.001, Wistars vs. GKs).




Less Behaviorally-Driven Egr1 in GK Rats

Analysis of Egr1 expression (Figure 3A, right) shows that both GK and Wistar rat respond to exploration with a robust increase in the number of GCs expressing Egr1 (Figure 3C) relative to caged controls (F1,28 = 129.86, p < 0.001), consistent with previous results using this paradigm (e.g., Marrone et al., 2012). In GKs, behaviorally-induced Egr1 expression is significantly blunted relative to caged controls (F1,28 = 6.52, p = 0.02).



Behaviorally-Induced Egr1 Is Spared in 4-Week-Old Neurons in GK Rats

When analyzing newborn (i.e., Brdu+) and older (i.e., BrdU-) GCs in exploring rats by volume, both older (F1,14 = 6.67, p = 0.02; Figure 3D) and newborn (F 1,14 = 6.40, p = 0.03; Figure 3E) GCs show a significant decrease in Egr1 expression. Although this volumetric assessment provides an estimate of how many agGCs are recruited to represent a discrete experience, it does not provide an accurate assessment of their functional capabilities. Even if agGCs are functionally normal, counts of Egr1+ agGCs in GKs will necessarily be lower because there is a much smaller pool of agGCs to recruit from. By instead assessing Egr1 expression as a proportion of all BrdU+ cells, we estimate the probability that an individual agGC is recruited to be active during a single discrete experience. Using this measure (Figure 3F), no significant difference was found between strains (F1,14 = 0.03, p = 0.86).




DISCUSSION

Consistent with previous data, the current study shows that GK rats display a deficit in spatial memory that is correlated with decreased survival of agGCs. These observations are consistent with the considerable literature showing that adult-generated neurons make a critical contribution to learning by reducing memory interference and increasing cognitive flexibility (reviewed by Anacker and Hen, 2017; Miller and Sahay, 2019). The deficits seen in GK rats are also correlated with a decrease in Egr1 expression. In addition, the current observations differentiate between older GCs that show a loss of function, and agGCs that are reduced in number, but when this reduction is controlled for, are viable. It should be noted that the accuracy of comparisons of Egr1 expression in older GCs depends, in part, on the number of older GCs remaining comparable between GK and Wistar rats. Although assumption-free stereology has yet to be conducted in the DG, there are reports of degeneration in other brain regions (e.g., Lietzau et al., 2016). Despite this possibility, it is clear that the role of older GCs in information processing has been weakened, underscoring the more viable agGCs as a target for treatment.

These data provide an important demonstration that agGCs respond to spatial information despite continued hyperglycemia. Understanding how agGCs develop and process information under these conditions is vital considering that diabetic therapies such as metformin increase neurogenesis (Yoo et al., 2011; Wang et al., 2012; Ahmed et al., 2017; Tanokashira et al., 2018) but do not reverse hyperglycemia (Tanokashira et al., 2018). The notion that increasing neurogenesis without reversing hyperglycemia is sufficient to improve DACD is consistent with observations of improved cognition in diabetic individuals undergoing drug treatment relative to untreated individuals (Sato et al., 2011; Ng et al., 2014).

Although these data hold promise for neurogenesis as therapeutic target, many questions remain unanswered. Although agGCs are clearly capable of responding to spatial information, concluding that they function properly requires further investigation of the activity of agGCs over time and under varying conditions. Differences in the activity of agGCs in GKs and Wistars may emerge once age comparisons are made examining the responses of these cells over multiple events or contexts. Collecting these data is especially important considering that the stability of activity patterns across multiple behavioral episodes is predictive of memory function in individual GCs (Jaeger et al., 2018) as well as memory abilities of individual animals (Marrone et al., 2011). Moreover, chronic hyperglycemia has widespread effects on hippocampus beyond a reduction in neurogenesis that may affect information processing (reviewed by Biessels et al., 2002; Garcia-Serrano and Duarte, 2020). Even if we limit consideration to only the DG, information processing is compromised largely in developmentally-generated cells. Increasing neurogenesis may help compensate for these changes, but this does not address the potential mechanisms by which hyperglycemia is impairing (and potentially destroying) older GCs. This remains an important question as older GCs play a complementary role in memory function (e.g., Nakashiba et al., 2012; Tronel et al., 2015).

Despite these open questions, the observation that viable agGCs are generated in the hyperglycemic hippocampus satisfies an important requirement for therapies that propose to stimulate neurogenesis as a means to rescue DACD.



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 Wilfrid Laurier University Animal Care Committee.



AUTHOR CONTRIBUTIONS

CD and JM handled animals, prepared tissue, and analyzed images. CD and DM imaged tissue. CD and DM wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Mental Health Research Canada.



REFERENCES

 Ahmed, S., Mahmood, Z., Javed, A., Hashmi, S. N., Zerr, I., Zafar, S., et al. (2017). Effect of metformin on adult hippocampal neurogenesis: comparison with donepezil and links to cognition. J. Mol. Neurosci. 62, 88–98. doi: 10.1007/s12031-017-0915-z

 Alme, C. B., Buzzetti, R. A., Marrone, D. F., Leutgeb, J. K., Chawla, M. K., Schaner, M. J., et al. (2010). Hippocampal granule cells opt for early retirement. Hippocampus 20, 1109–1123. doi: 10.1002/hipo.20810

 Ambrogini, P., Cuppini, R., Cuppini, C., Ciaroni, S., Cecchini, T., Ferri, P., et al. (2000). Spatial learning affects immature granule cell survival in adult rat dentate gyrus. Neurosci. Lett. 286, 21–24. doi: 10.1016/S0304-3940(00)01074-0

 Anacker, C., and Hen, R. (2017). Adult hippocampal neurogenesis and cognitive flexibility—linking memory and mood. Nat. Rev. Neurosci. 18, 335–346. doi: 10.1038/nrn.2017.45

 Beauquis, J., Homo-Delarche, F., Giroix, M. H., Ehses, J., Coulaud, J., Roig, P., et al. (2010). Hippocampal neurovascular and hypothalamic-pituitary-adrenal axis alterations in spontaneously type 2 diabetic GK rats. Exp. Neurol. 222, 125–134. doi: 10.1016/j.expneurol.2009.12.022

 Biessels, G. J., Koffeman, A., and Scheltens, P. (2006). Diabetes and cognitive impairment. Clinical diagnosis and brain imaging in patients attending a memory clinic. J. Neurol. 253, 477–482. doi: 10.1007/s00415-005-0036-4

 Biessels, G. J., Van der Heide, L. P., Kamal, A., Bleys, R. L., and Gispen, W. H. (2002). Ageing and diabetes: implications for brain function. Eur. J. Pharmacol. 441, 1–14. doi: 10.1016/S0014-2999(02)01486-3

 Chawla, M. K., Guzowski, J. F., Ramirez-Amaya, V., Lipa, P., Hoffman, K. L., Marriott, L. K., et al. (2005). Sparse, environmentally selective expression of Arc RNA in the upper blade of the rodent fascia dentata by brief spatial experience. Hippocampus 15, 579–586. doi: 10.1002/hipo.20091

 Cukierman-Yaffe, T. (2014). Diabetes, dysglycemia and cognitive dysfunction. Diabetes Metab. Res. Rev. 30, 341–345. doi: 10.1002/dmrr.2507

 Dejong, R. (1950). The nervous system complications of diabetes mellitus, with special reference to cerebrovascular changes. J. Nerv. Ment. Dis. 111, 181–206. doi: 10.1097/00005053-195011130-00001


 Garcia-Serrano, A. M., and Duarte, J. M. N. (2020). Brain metabolism alterations in type 2 diabetes: what did we learn from diet-induced diabetes models? Front. Neurosci. 14:229. doi: 10.3389/fnins.2020.00229

 Gheidi, A., Damphousse, C. C., and Marrone, D. F. (2020). Experience-dependent persistent Arc expression is reduced in the aged hippocampus. Neurobiol. Aging 95, 225–230. doi: 10.1016/j.neurobiolaging.2020.07.032

 Goto, Y., Kakizaki, M., and Masaki, N. (1975). Spontaneous diabetes produced by selective breeding of normal wistar rats. Proc. Japan Acad. 51, 80–85. doi: 10.2183/pjab1945.51.80

 Gould, E., Beylin, A., Tanapat, P., Reeves, A., and Shors, T. J. (1999). Learning enhances adult neurogenesis in the hippocampal formation. Nat. Neurosci. 2, 260–265. doi: 10.1038/6365

 Jaeger, B. N., Linker, S. B., Parylak, S. L., Barron, J. J., Gallina, I. S., Saavedra, C. D., et al. (2018). A novel environment-evoked transcriptional signature predicts reactivity in single dentate granule neurons. Nat. Commun. 9:3084. doi: 10.1038/s41467-018-05418-8

 JASP Team (2021). JASP (Version 0.14.3) [Computer software]. Available online at: https://jasp-stats.org/


 Jessberger, S., and Kempermann, G. (2003). Adult-born hippocampal neurons mature into activity-dependent responsiveness. Eur. J. Neurosci. 18, 2707–2712. doi: 10.1111/j.1460-9568.2003.02986.x

 Ke, B., Zhang, T., An, T., and Lu, R. (2020). Soy isoflavones ameliorate the cognitive dysfunction of Goto-Kakizaki rats by activating the Nrf2-HO-1 signalling pathway. Aging (Albany NY) 12, 21344–21354. doi: 10.18632/aging.103877

 Kee, N., Teixeira, C. M., Wang, A. H., and Frankland, P. W. (2007). Preferential incorporation of adult-generated granule cells into spatial memory networks in the dentate gyrus. Nat. Neurosci. 10, 355–362. doi: 10.1038/nn1847

 Kimura, K., Toyota, T., Kakizaki, M., Kudo, M., Takebe, K., and Goto, Y. (1982). Impaired insulin secretion in the spontaneous diabetes rats. Tohoku J. Exp. Med. 137, 453–459. doi: 10.1620/tjem.137.453

 Lang, B. T., Yan, Y., Dempsey, R. J., and Vemuganti, R. (2009). Impaired neurogenesis in adult type-2 diabetic rats. Brain Res. 1258, 25–33. doi: 10.1016/j.brainres.2008.12.026

 Li, D., Liu, L., Li, L., Li, X., Huang, B., Zhou, C., et al. (2017). Sevoflurane induces exaggerated and persistent cognitive decline in a type ii diabetic rat model by aggregating hippocampal inflammation. Front. Pharmacol. 8:886. doi: 10.3389/fphar.2017.00886

 Lietzau, G., Davidsson, W., Östenson, C. G., Chiazza, F., Nathanson, D., Pintana, H., et al. (2018). Type 2 diabetes impairs odour detection, olfactory memory and olfactory neuroplasticity: effects partly reversed by the DPP-4 inhibitor linagliptin. Acta Neuropathol. Commun. 6:14. doi: 10.1186/s40478-018-0517-1

 Lietzau, G., Nyström, T., Östenson, C. G., Darsalia, V., and Patrone, C. (2016). Type 2 diabetes-induced neuronal pathology in the piriform cortex of the rat is reversed by the GLP-1 receptor agonist exendin-4. Oncotarget 7, 5865–5876. doi: 10.18632/oncotarget.6823

 Lu, F. P., Lin, K. P., and Kuo, H. K. (2009). Diabetes and the risk of multi-system aging phenotypes: a systematic review and meta-analysis. PLoS ONE 4:e4144. doi: 10.1371/journal.pone.0004144

 Marrone, D. F., Adams, A. A., and Satvat, E. (2011). Increased pattern separation in the aged fascia dentata. Neurobiol Aging 32, 2317.e23–2317.e2.317E32. doi: 10.1016/j.neurobiolaging.2010.03.021

 Marrone, D. F., Ramirez-Amaya, V., and Barnes, C. A. (2012). Neurons generated in senescence maintain capacity for functional integration. Hippocampus 22, 1134–1142. doi: 10.1002/hipo.20959

 Matsunaga, Y., Negishi, T., Hatakeyama, A., Kawagoe, Y., Sawano, E., and Tashiro, T. (2016). Impairment of synaptic development in the hippocampus of diabetic Goto-Kakizaki rats. Int. J. Dev. Neurosci. 53, 58–67. doi: 10.1016/j.ijdevneu.2016.07.004

 Meconi, A., Lui, E., and Marrone, D. F. (2015). Sustained Arc expression in adult-generated granule cells. Neurosci. Lett. 603, 66–70. doi: 10.1016/j.neulet.2015.07.029

 Mijnhout, G. S., Scheltens, P., Diamant, M., et al. (2006). Diabetic encephalopathy: a concept in need of a definition. Diabetologia 49, 1447–1448. doi: 10.1007/s00125-006-0221-8

 Miller, S. M., and Sahay, A. (2019). Functions of adult-born neurons in hippocampal memory interference and indexing. Nat. Neurosci. 22, 1565–1575. doi: 10.1038/s41593-019-0484-2

 Moheet, A., Mangia, S., and Seaquist, E. R. (2015). Impact of diabetes on cognitive function and brain structure. Ann. N. Y. Acad. Sci. 1353, 60–71. doi: 10.1111/nyas.12807

 Nakashiba, T., Cushman, J. D., Pelkey, K. A., Renaudineau, S., Buhl, D. L., McHugh, T. J., et al. (2012). Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion. Cell 149, 188–201. doi: 10.1016/j.cell.2012.01.046

 Ng, T. P., Feng, L., Yap, K. B., Lee, T. S., Tan, C. H., and Winblad, B. (2014). Long-term metformin usage and cognitive function among older adults with diabetes. J. Alzheimers Dis. 41, 61–68. doi: 10.3233/JAD-131901

 Palta, P., Schneider, A. L. C., Biessels, G. J., et al. (2014). Magnitude of cognitive dysfunction in adults with type 2 diabetes: a meta-analysis of six cognitive domains and the most frequently reported neuropsychological tests within domains. J. Int. Neuropsychol. Soc. 20, 278–291. doi: 10.1017/S1355617713001483

 Paxinos, G., and Watson, C. (2006). The Rat Brain in Stereotaxic Coordinates: Hard Cover Edition. Amsterdam: Elsevier.


 Ramirez-Amaya, V., Marrone, D. F., Gage, F. H., Worley, P. F., and Barnes, C. A. (2006). Integration of new neurons into functional neural networks. J. Neurosci. 26, 12237–12241. doi: 10.1523/JNEUROSCI.2195-06.2006

 Ramírez-Amaya, V., Vazdarjanova, A., Mikhael, D., Rosi, S., Worley, P. F., and Barnes, C. A. (2005). Spatial exploration-induced Arc mRNA and protein expression: evidence for selective, network-specific reactivation. J. Neurosci. 25, 1761–1768. doi: 10.1523/JNEUROSCI.4342-04.2005

 Sato, T., Hanyu, H., Hirao, K., Kanetaka, H., Sakurai, H., and Iwamoto, T. (2011). Efficacy of PPAR-γ agonist pioglitazone in mild Alzheimer disease. Neurobiol. Aging 32, 1626–1633. doi: 10.1016/j.neurobiolaging.2009.10.009

 Satvat, E., Gheidi, A., Voll, S., Odintsova, I. V., and Marrone, D. F. (2012). Location is everything: neurons born during fluoxetine treatment accumulate in regions that do not support spatial learning. Neuropharmacology 62, 1627–1633. doi: 10.1016/j.neuropharm.2011.11.025

 Stone, S. S., Teixeira, C. M., Zaslavsky, K., Wheeler, A. L., Martinez-Canabal, A., Wang, A. H., et al. (2011). Functional convergence of developmentally and adult-generated granule cells in dentate gyrus circuits supporting hippocampus-dependent memory. Hippocampus 21, 1348–1362. doi: 10.1002/hipo.20845

 Tanokashira, D., Kurata, E., Fukuokaya, W., Kawabe, K., Kashiwada, M., Takeuchi, H., et al. (2018). Metformin treatment ameliorates diabetes-associated decline in hippocampal neurogenesis and memory via phosphorylation of insulin receptor substrate 1. FEBS Open Biol. 8, 1104–1118. doi: 10.1002/2211-5463.12436

 Tashiro, A., Makino, H., and Gage, F. H. (2007). Experience-specific functional modification of the dentate gyrus through adult neurogenesis: a critical period during an immature stage. J. Neurosci. 27, 3252–3259. doi: 10.1523/JNEUROSCI.4941-06.2007

 Tian, Z., Ren, N., Wang, J., Zhang, D., and Zhou, Y. (2018). Ginsenoside ameliorates cognitive dysfunction in type 2 diabetic Goto-Kakizaki rats. Med Sci Monit. 24, 3922–3928. doi: 10.12659/MSM.907417

 Tronel, S., Lemaire, V., Charrier, V., Montaron, M. F., and Abrous, D. N. (2015). Influence of ontogenetic age on the role of dentate granule neurons. Brain Struct. Funct. 220, 645–661. doi: 10.1007/s00429-014-0715-y

 van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266–270. doi: 10.1038/6368

 Wang, J., Gallagher, D., DeVito, L. M., Cancino, G. I., Tsui, D., He, L., et al. (2012). Metformin activates an atypical PKC-CBP pathway to promote neurogenesis and enhance spatial memory formation. Cell Stem Cell 11, 23–35. doi: 10.1016/j.stem.2012.03.016

 Yang, Y., Fang, H., Xu, G., Zhen, Y., Zhang, Y., Tian, J., et al. (2018). Liraglutide improves cognitive impairment via the AMPK and PI3K/Akt signaling pathways in type 2 diabetic rats. Mol. Med. Rep. 18, 2449–2457. doi: 10.3892/mmr.2018.9180

 Yoo, D. Y., Kim, W., Nam, S. M., Yoo, K. Y., Lee, C. H., Choi, J. H., et al. (2011). Reduced cell proliferation and neuroblast differentiation in the dentate gyrus of high fat diet-fed mice are ameliorated by metformin and glimepiride treatment. Neurochem. Res. 36, 2401–2408. doi: 10.1007/s11064-011-0566-3

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.

Copyright © 2021 Damphousse, Medeiros and Marrone. 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/images/fnbeh-15-734359-g003.gif
o

Kt

Egrl






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Integration of Adult-Generated Neurons in Diabetic Goto-Kakizaki Rats



		Introduction



		Materials and Methods



		Subjects



		Morris Water Maze



		BrdU Administration



		Spatial Exploration



		Tissue Preparation



		Immunohistochemistry



		Confocal Imaging and Analysis



		Statistics







		Results



		Goto-Kakizaki Rats Have Impaired Spatial Reference Memory



		Fewer Adult-Born Granule Cells Survive 4 Weeks in Goto-Kakizaki Rats



		Less Behaviorally-Driven Egr1 in GK Rats



		Behaviorally-Induced Egr1 Is Spared in 4-Week-Old Neurons in GK Rats







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers )
in Behavioral Neuroscience

Functional Integration of
Adult-Generated Neurons in Diabetic
Goto-Kakizaki Rats





OPS/images/fnbeh-15-734359-g001.gif
oK Wistar

Explore





OPS/images/fnbeh-15-734359-g002.gif
H. | ]
L |
AR
Lol
It
§3§§
ii; Egﬁ









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





