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Abstract

:

Activating transcription factor 3 (ATF3) is a stress-induced transcription factor and a familiar neuronal marker for nerve injury. This factor has been shown to protect neurons from hypoxic insult in vitro by suppressing carboxyl-terminal modulator protein (CTMP) transcription, and indirectly activating the anti-apoptotic Akt/PKB cascade. Despite prior studies in vitro, whether this neuroprotective pathway also exists in the brain in vivo after ischemic insult remains to be determined. In the present study, we showed a rapid and marked induction of ATF3 mRNA throughout ischemia-reperfusion in a middle cerebral artery (MCA) occlusion model. Although the level of CTMP mRNA was quickly induced upon ischemia, its level showed only a mild increase after reperfusion. With the gain-of-function approach, both pre- and post-ischemic administration of Ad-ATF3 ameliorated brain infarct and neurological deficits. Whereas, with the loss-of-function approach, ATF3 knockout (KO) mice showed bigger infarct and worse functional outcome after ischemia. In addition, these congenital defects were rescued upon reintroducing ATF3 to the brain of KO mice. ATF3 overexpression led to a lower level of CTMP and a higher level of p-Akt(473) in the ischemic brain. On the contrary, ATF3 KO resulted in upregulation of CTMP and downregulation of p-Akt(473) instead. Furthermore, post-ischemic CTMP siRNA knockdown led to smaller infarct and better behaviors. CTMP siRNA knockdown increased the level of p-Akt(473), but did not alter the ATF3 level in the ischemic brain, upholding the ATF3→CTMP signal cascade. In summary, our proof-of-principle experiments support the existence of neuroprotective ATF3→CTMP signal cascade regulating the ischemic brain. Furthermore, these results suggest the therapeutic potential for both ATF3 overexpression and CTMP knockdown for stroke treatment.
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1. Introduction


Activating transcription factor (ATF) belongs to the basic region–leucine zipper (bZIP) motif superfamily of transcription factors. The basic region is responsible for specific DNA binding, and the leucine zipper region is involved in both DNA binding and dimerization of ATF with other bZIP-containing proteins, including ATF, CREB/CREM, AP1 (Fos/Jun), C/EBP, and Maf families [1]. In general, homodimer of ATF leads to transcriptional repression, while heterodimer activates transcription [1,2]. The ATF family contains seven members, ATF1–7, and they share high similarity within the bZIP motif, but not outside the bZIP domain [1]. Among these isoforms, ATF3, also known as LRF-1, LRG-21, CRG-5, and TI-241, has been most commonly studied. ATF3 cDNA was originally isolated in 1989 [2]. Human ATF3 gene is located on chromosome 1, spans ~56 kb, and comprises 6 exons and 2 promoters. ATF3 encodes a major isoform of 181 amino acids-22 kD protein. Unlike other ATF family genes which are regulated at the translational level, ATF3 is regulated at the transcriptional level. Its steady-state mRNA level is virtually undetectable, but greatly increases upon stress stimulations, such as H2O2, TNFα, LPS, and hypoxia [1,3,4]. ATF3 has been demonstrated to play a role in a variety of biological processes at both cellular and organismal levels, and functions in a context-dependent manner. Interestingly, the consequences of ATF3 deficiency to the host can be either beneficial or detrimental [5,6,7,8].



ATF3 is a known neuronal marker of nerve injury [9,10]. Following permanent cerebral ischemia, a biphasic induction of ATF3 has been reported: the early, transient and higher expression was noted in the ischemic core area, whereas the late, prolonged and lower induction was noted in the penumbral area [11]. Furthermore, in a rat cerebral thrombosis model, ATF3 is increased corresponding to the severity of neurological deficit and infarct size [12]. Immuno-reactivity of the induced ATF3 has been found to co-localize with the damage-induced neuronal endopeptidase (DINE), which is known to promote anti-oxidant activity and thus acts as a neuro-protective molecule under ischemic insult [13]. Following transient cerebral ischemia, induced ATF3 has been found to co-localize with apoptosis executor caspase 3 but not Bcl-xL or Hsp27 [14]. A miR-221-3p protects ischemic neurons by targeting ATF3 [15]. On the contrary, hypoxia preconditioning was shown to cause a marked induction of ATF3 and subsequently reduced infarct in the ischemic brain [16]. There is evidence that Hsp27 and tissue plasminogen activator (tPA) could attenuate ischemic damage via activation of ATF3 [17,18,19]. Nuclear calcium-CREB-ATF3 signaling and pre-ischemic ATF3 overexpression by recombinant adeno-associated virus (rAAV) has been shown to reduce NMDA-induced brain damage [20,21,22]. On the other hand, bigger brain infarct was observed in ATF3 KO mice with enhanced expression of pro-apoptotic and inflammatory genes [23]. Furthermore, ATF3 has been shown to inhibit NF-κB-triggered inflammation in ischemic organs [3,7,24,25,26]. In addition, bioinformatics analysis suggested that ATF3 may have protective effect on ischemic stroke [26,27]. However, the cellular and molecular mechanism underlying ATF3-acssociated signaling cascade in ischemic brain is largely unknown.



Our previous study with primary cortical neurons revealed the ability for ATF3 to downregulate carboxyl-terminal modulator protein (CTMP), by competing binding with NF-κB, and subsequently reducing oxygen–glucose deprivation (OGD)-induced apoptotic neuronal death [28]. CTMP, an endogenous inhibitor for anti-apoptotic Akt/PKB, through binding to C-terminal of Akt concealed the phosphorylation sites and prevented its activation [29]. However, despite the study in vitro, whether this neuroprotective ATF3→CTMP signaling cascade also exists in the ischemic brain remains to be determined. In the present study with ischemic brain, we showed that ATF3 overexpression could reduce the CTMP level; whereas ATF3 knockout enhanced the CTMP level. Furthermore, in vivo CTMP siRNA knockdown was able to mimic the beneficial effects of ATF3 overexpression, and post-ischemic treatment of either ATF3 overexpression or CTMP knockdown led to decrease in infarct and better functional outcome.



To date, most of the previous studies have been focused on the role of ATF3 against ischemia-induced inflammatory response. For example, in ATF3 KO mouse, increased ischemic brain injury was associated with an increase in inflammatory cell recruitment and the subsequent inflammatory responses [23]. However, whether/how endogenous ATF3 constrains inflammatory cell recruitment and inflammatory gene expression remain to be studied. Recently, using gene ontology (GO) enrichment and KEGG pathway approaches, it was suggested that ATF3 via targeting CCL2-mediated TLR4/NF-κB signaling repressed microglia activation upon cerebral ischemia [26]. However, how ATF3 repressed CCL2 expression was not known. In the present in vivo study and together with our previous in vitro study [28], we uniquely demonstrated that neuronal ATF3 via competing binding with NF-κB downregulates CTMP expression and subsequent neuronal apoptosis upon ischemic brain injury. The above findings implied that ATF3-mediated CTMP downregulation may serve as an endogenous checkpoint retarding the outbreak of ischemia-triggered neuronal apoptosis. In addition, our studies showed that post-ischemic treatment of either Ad-ATF3 or CTMP siRNA could attenuate ischemic brain infarct and improved functional outcome; these therapeutical potentials have not been reported before.




2. Results


2.1. Induction of ATF3 mRNAs in the Ischemic Cortex after Ischemia-Reperfusion


In the first experiment, a time-course study was carried out to examine the expression of ATF1–7 mRNAs following transient ischemia and reperfusion (Figure 1). RT-PCR was carried out with RNA extracted from the non-ischemic (sham) and ischemic cerebral cortices of rats subjected to MCA occlusion and various reperfusion periods. The primer pairs used for PCR amplification of each ATF isoforms were tested and each resulted in a single cDNA fragment when visualized with ethidium bromide on agarose gel and subsequently sequencing for its identity in GenBank. All seven isoforms of ATF are expressed in the sham cortex, however, relatively low basal levels of ATF3 mRNA were detected (Figure 1A). Apparent induction of ATF3 mRNA was noted at 0.5 h after the onset of MCA occlusion, and expression continued to escalate upon reperfusion, and peaked (~5-fold increase) at 12 h, then gradually subsided with p < 0.0001 (Figure 1B,C). A much lower induction (~1.5-fold increase) was noted for ATF4 mRNA. This increase did not start until 0.5 h after the onset of reperfusion, no further increase was observed up to 24 h of reperfusion and then back to basal level with p < 0.0001 (Figure 1C). The rest isoforms were not significantly changed. The above semi-quantitative RT-PCR results were further supported by real time quantitative PCR (qPCR) (Figure 1D). As high as ~20-fold increase in ATF3 level was noted (p < 0.0001), while the rest ATFs were less than 1.5-fold changes. In agreement with the semi-quantitative RT-PCR analysis, results of qPCR also suggested an important role for ATF3 in ischemic brain injury as compared to other isoforms.




2.2. ATF3 Attenuates Brain Infarct upon Transient Ischemic Insult


In order to better understand the neuroprotective role of ATF3 on ischemia-reperfusion challenge, two experimental approaches, namely ATF3 overexpression and knockout (KO), were used. For the overexpression approach, we first evaluated the efficiency of gene expression of adenoviral administration via the intracerebroventricular (icv) route. Here, we infused 1 × 106 pfu/10 µL of Ad-ATF3 or Ad-hPGK (untransduced control) into the right lateral ventricles, and determined ATF3 protein levels in the ipsilateral cortices at 12 h to 2 days (2 d) after infection. As compared to Ad-hPGK (2 d), rats injected with Ad-ATF3 augmented ATF3 protein levels in a time-dependent manner, and reached maximal augmentation (~5-fold) at 2 d after administration (Figure 2A). In another set of animals, following 2 d virus infection, rats were subjected to 35 min of MCA occlusion, and ATF3 protein expression determined at 24 h of reperfusion in the ischemic cortices. Under this experimental condition, expression of ATF3 protein in rats infected with Ad-ATF3 (MCAO’) was only ~2-fold higher than the Ad-hPGK control (MCAO’) (Figure 2A). This decrease is likely due to an endogenous induction of ATF3 after ischemic challenge in the Ad-hPGK control. In any case, the results of the above experiments showed that icv infusion of Ad-ATF3 was efficacious in overexpression of ATF3. We then evaluated the effects of pre-ischemic icv Ad-ATF3 administration on infarct volume. Infarct volume in rats receiving Ad-ATF3 at 48 h before MCA occlusion was significantly reduced as compared to the Ad-hPGK control (Figure 2B). Furthermore, when Ad-ATF3 was administered immediately after 35 min of MCA occlusion (namely post-ischemia, at the onset of reperfusion), the infarct volume determined at 24 h of reperfusion was also significantly reduced in the Ad-ATF3 treated group as compared to the Ad-hPGK control (Figure 2D).



For the ATF3 underexpression approach, ATF3 KO mice (a generous gift from Dr. Tsonwin Hai at Ohio State University) were used to test the role of ATF3 on cerebral ischemia. Analysis with RT-PCR and Western blot did not detect ATF3 mRNA or protein in KO brain tissue, despite the fact that a substantial amount of ATF3 mRNA and protein were detected in the wild type (WT) control (Figure 3A). ATF3 KO and WT mice were then subjected to 25 min of MCA occlusion, and infarct volume was measured at 24 h of reperfusion. Under this condition, infarct volume was significantly larger in the ATF3 KO mice as compared to the WT control (Figure 3B).



In order to verify that the exacerbating effect was due to ATF3 deletion, ATF3 was re-introduced back to the ATF3 KO mice by icv infusion of 2 × 105 pfu Ad-ATF3 at 48 h prior to 25 min of MCA occlusion, and infarct volume measured at 24 h of reperfusion. Consistent with the above results, infarct volume in KO mice receiving Ad-hPGK was significantly higher than the WT mice receiving Ad-hPGK control (Figure 4A). Furthermore, in agreement with the results of rat studies, infarct volume in WT mice receiving Ad-ATF3 was significantly reduced as compared to the Ad-hPGK control (Figure 4A). In addition, infarct volume in KO mice receiving Ad-ATF3 was also significantly reduced as compared to the Ad-hPGK control (Figure 4A). Furthermore, there was no significant difference in infarct volume between WT mice and KO mice receiving Ad-ATF3 (Figure 4A).



Subsequently, with results showing the ability for ATF3 to reduce infarct volume, experiments were carried out to examine whether this paradigm also resulted in better functional outcome after ischemic insult. Here, mice behavioral ability was assessed by prehensile test (Figure 4B) and beam balance test (Figure 4C,D). All experiments were conducted and recorded at 24 h after MCA occlusion. In the prehensile test, in line with the results of infarct volume, longer latency time (indicating better function) was observed in WT mice than KO mice receiving Ad-hPGK (Figure 4B). In both WT and KO mice, those receiving Ad-ATF3 showed longer latency time than those receiving Ad-hPGK. Furthermore, KO mice receiving Ad-ATF3 had longer latency time than WT mice receiving Ad-hPGK (Figure 4B). There was no difference in latency time between WT mice and KO mice receiving Ad-ATF3 (Figure 4B). Correspondingly, longer holding time (indicating better function) were observed in WT mice than KO mice that receiving Ad-hPGK in the beam balance test; however, no significant changes were observed in the neurological score (Figure 4C,D). In addition, mice receiving Ad-ATF3 had a lower neurological score and longer holding time than those receiving Ad-hPGK in KO mice; however, only a longer holding time was noted in WT mice (Figure 4C,D). Although there was no significant difference in wild-type mice subjected to Ad-hPGK vs. Ad-ATF3 (p = 0.0827), this is very close to significance (Figure 4C). In addition, we observed a significant difference between WT-Ad-ATF3 and KO-Ad-hPGK strengthening the beneficial effect of exogenous ATF3 (Figure 4C). There was no difference in neurological score or holding time between WT mice and KO mice receiving Ad-ATF3 (Figure 4C,D).




2.3. ATF3 Led to Downregulation of CTMP and Upregulation of p-Akt(473) Expression In Vivo


Our previous in vitro study with hypoxic insult on primary cortical neurons indicated that ATF3 through binding to the CTMP promoter hindered NF-κB binding and inhibited CTMP transcription, and subsequently Akt inactivation and neuronal apoptosis [28]. In order to further study the molecular mechanism underlying reduction of infarct volume by AFT3, Western blot analysis was used to examine whether the neuroprotective action of the ATF3→CTMP signal pathway also exists in the ischemic brain in vivo. In this study, rats were subjected to icv Ad-ATF3 or Ad-hPGK infusion at 48 h prior to 35 min MCA occlusion and 24 h reperfusion, and levels of apoptosis related proteins were analyzed in the ischemic cortices. As compared with the Ad-hPGK control, rats infected with Ad-ATF3 showed higher levels of ATF3, anti-apoptotic proteins (i.e., Bcl-2 and p-Bad), and p-Akt(473), but lower levels of pro-apoptotic proteins (i.e., cleaved caspase 9 and 3) and CTMP (Figure 5A,C). On the contrary, when ATF3 KO and WT mice were subjected to 25 min MCA occlusion and 24 h reperfusion, analysis of proteins showed higher levels of pro-apoptotic proteins (i.e., cleaved caspase 9 and 3 and PARP1) and CTMP, but lower levels of anti-apoptotic proteins (i.e., Bcl-2 and p-Bad) and p-Akt(473) in the KO mice as compared with WT control (Figure 5B,D). Taken together, the aforementioned in vivo data are in line with the previous data from primary neuronal culture in vitro [28], suggesting the neuroprotective action of the ATF3→CTMP signal pathway in ischemic brain in vivo.




2.4. Post-Ischemic CTMP siRNA Treatment Ameliorates Brain Infarct and Neurological Deficits


To determine the impact of CTMP downregulation on ischemic brain injury, CTMP mRNA expression profile in the ischemic cortex was examined in rats subjected to MCA occlusion and various reperfusion periods as illustrated in Figure 1A. CTMP mRNA was rapidly induced upon MCA occlusion, reaching a plateau (~2.5-fold) at 30 min of reperfusion and the plateau remained up to 1.5 h, and then gradually subsided before returning to basal level at 336 h (14 days) (Figure 6A). We believe that this early surge in CTMP expression may serve as a master switch to initiate post-ischemic damage. It is interesting to note that expression of ATF3 was going up at 4 h reperfusion, while CTMP level was going down.



To further assess the impact of the ATF3→CTMP signaling cascade in the setting of cerebral ischemic injury, CTMP siRNA was icv infused after 35 min MCA occlusion, and infarct volume was determined after 24 h reperfusion. Results indicated dose-dependent reduction in infarct volume with increasing amount of CTMP siRNA as compared with scRNA control (Figure 6B). CTMP protein level was significantly reduced in the ischemic cortices of rats transfected with CTMP siRNA (75 pmol) as compared with those transfected with scRNA (Figure 6C). Under this condition, the p-Akt(473), but not p-Akt(308), level was increased upon CTMP knockdown, and this was accompanied by increase in p-Bad and decrease in cleaved caspase 3 (Figure 6C). Taken together, these findings support the efficacy of CTMP siRNA in downregulating CTMP and subsequently attenuated the pro-apoptotic drive under cerebral ischemia. Furthermore, the ATF3 level was not altered by CTMP siRNA (Figure 6C), in agreement with the notion that ATF3 is upstream of CTMP. Importantly, post-ischemic CTMP siRNA treatment, as late as 2 h after the onset of reperfusion, could also significantly reduced infarct volume (Figure 6D), suggesting the possibility for CTMP as a therapeutic target for stroke.



Lastly, based on the Bederson’s postural reflex test, post-ischemic CTMP siRNA treatment could also lead to better functional outcome up to 14 days of reperfusion (Figure 7A,B). The protective effect was further supported by the sustained smaller infarct volume as determined by the T2-weighted MR images at 14 days of reperfusion (Figure 7C,D). The advantages of using MR images are (1) to document the temporal evolution of ischemic lesions over time, (2) to reduce the individual various of animals and consequently lower the number of animals used in experiments.





3. Discussion


In the present study, biochemical and molecular techniques were used to support the existence of the neuroprotective ATF3→CTMP signal pathway in the ischemic brain in vivo. In addition, our studies demonstrated that post-ischemic treatment of either Ad-ATF3 or CTMP siRNA could attenuate ischemic brain infarct and improve functional outcome. The finding of this neuroprotective ATF3→CTMP signal pathway not only provides new therapeutical targets but also broadens therapeutical options for treating stroke.



Although ATF3 is a recognized neuronal marker of nerve injury, other ATF proteins are also involved in stress response and neurodegeneration [6,30,31]. In order to decipher the complex signal cascades involving ATF3 in the ischemic brain, we first examined the expression profile of ATF isoforms. Our results clearly revealed that ATF3 is the major isoform in response to ischemic challenge. ATF3 mRNA was rapidly induced upon MCA occlusion and carried on increasing after reperfusion. These results are similar to the induction pattern of ATF3 mRNA observed earlier in hypoxic primary neurons [28]. In addition to the marked induction of ATF3 mRNA, a relatively small but significant induction of ATF4 mRNA was also observed after reperfusion, which paralleled the temporal expression of ATF3 mRNA. Despite ATF2, ATF4, and ATF6 having been shown to induce the expression of ATF3, it is very likely that ATF4 may be responsible for the upregulation of ATF3 in the ischemic brain [6,30,31]. In agreement with our observation, results of bioinformatics analysis also imply that ATF3 and ATF4 might affect the development and progression of ischemia-reperfusion injury [32]. Nevertheless, the exact role of ATF4 remains to be investigated.



With the gain-of-function approach, administration of Ad-ATF3 48 h before transient MCA occlusion was shown to attenuate brain infarct. This result is in line with the previous report that administration of rAAV-ATF3 three weeks before permanent MCA occlusion could reduce brain damage [20]. In the present study, we further demonstrated that mice receiving Ad-ATF3 not only showed smaller infarct but also better functional outcome. In addition, administration of Ad-ATF3 immediately after transient MCA occlusion also significantly reduced infarct volume; these result further suggest a therapeutical potential for ATF3. In agreement with the loss-of-function approach described by Wang et al. [23], our study here also showed bigger infarct volume in ATF3 KO mice after transient MCA occlusion. However, traditional genetic knockout approach may be limited in scope due to the presence of regions of genetic variability (“passenger” or “flanking” genes) and/or activation of unexpected compensatory mechanisms [33]. To rule out these complications, we performed an in vivo complementation phenotype rescue study by re-introducing ATF3 back to ATF3 KO mice. Under this condition, complete rescue of infarct volume and neurological deficits were observed in KO mice receiving Ad-ATF3, further supporting the hypothesis that ATF3-deletion is responsible for the bigger infarct volumes and worse functional outcome.



Our previous in vitro study with primary cortical neurons indicated that ATF3 could reduce OGD-induced apoptotic neuronal death by inhibiting CTMP transcription and indirectly upregulating anti-apoptotic p-Akt(473) [28]. To address the molecular mechanism underlying the reduction of brain infarct by AFT3, we showed that ATF3 overexpression led to a lower level of CTMP, and meanwhile elicited higher levels of p-Akt(473) and anti-apoptotic proteins in the ischemic brain. On the contrary, ATF3 KO resulted in an increasing level of CTMP and pro-apoptotic proteins, while a decreasing level of p-Akt(473) in the ischemic brain. Taken together, the aforementioned data suggested the existence of neuroprotective ATF3→CTMP signal pathway in the ischemic brain in vivo.



Through binding to the C-terminal of Akt and thus concealing its phosphorylation sites, CTMP could serve as an endogenous inhibitor for anti-apoptotic Akt/PKB [29]. The pathophysiological significance of the ATF3-CTMP signaling cascade is strengthened by recent studies showing the critical role of CTMP in ischemic neuronal death [34,35,36]. The 4-vessel occlusion global ischemia is known to cause delayed death of hippocampal CA1 pyramidal neurons, and this condition was accompanied by a sustained increase in CTMP level. Depletion of CTMP by lentiviral-mediated CTMP miRNA 14 days prior to 4-vessel occlusion prevented neuronal death in the hippocampal CA1 region [34]. Administration of CTMP siRNA 24 h prior to MCA occlusion also reduced infarct volume and improved neurological deficits [35]. In addition, age-related upregulation of CTMP contributed to bigger ischemic infarct in older rats [36].



In the present study, we showed that both ATF3 and CTMP level were rapidly induced in the ipsilateral cortex following MCA occlusion. However, unlike ATF3 mRNA whose level was marked and prolonged, increasing after reperfusion, CTMP mRNA level was only moderately and transiently increased after reperfusion. While the level of CTMP began to descend, the ATF3 level was still at its ascending phase. This temporal negative association of ATF3 and CTMP expression was also noted in primary neurons after OGD-reoxygenation [28]. Together, the above information implied that ATF3-mediated CTMP downregulation may serve as an endogenous checkpoint retarding the outbreak of ischemia-triggered death signaling.



In addition, the pivotal role of CTMP in ischemic brain injury is further reinforced by the findings that post-ischemic CTMP knockdown with CTMP siRNA treatment could also reduce infarct volume. The neuroprotective action of CTMP siRNA was accompanied by an increase in level of p-Akt(473), but not p-Akt(308), supporting the action of down-regulating CTMP to reduce its inhibition of Akt phosphorylation at serine 473. The fact that CTMP knockdown did not alter ATF3 expression is in support of the contention of the sequential ATF3→CTMP signaling cascade. In addition, besides smaller brain infarct, post-ischemic CTMP siRNA treatment also resulted in better functional outcome. There is growing consensus that siRNA-based therapeutics represent a new way to treat human diseases that are otherwise not drug treatable with existing medicines [37]. Together, these studies support a novel finding and suggest therapeutic potential for both ATF3 overexpression and CTMP knockdown in treating stroke disease.




4. Materials and Methods


4.1. Stroke Model


The focal cerebral ischemia model entailing 3-vessel occlusion was performed as described [38]. Long–Evans rats, 7- to 8-week-old male of 300 to 350 g body weight, were purchased from The National Laboratory Animal Center (NLAC; Taipei, Taiwan) for our studies. In brief, male Long–Evans rats were anesthetized with chloral hydrate (360 mg/kg body wt, ip), and the right middle cerebral artery (MCA) was ligated reversibly with a 10- 0 suture and both common carotid arteries (CCAs) occluded also reversibly with aneurysm clips. Unless otherwise specified, the 3-vessel occlusion was held for 35 min, and then the suture and the aneurysm clips were released with restoration of blood flow in the 3 arteries verified. While under anesthesia, the rectal temperature was monitored and maintained at 37.0 ± 0.5 °C using a homeothermic blanket (Harvard, Cambridge, MA, USA). Animals were kept in an air-ventilated incubator at 24.0 ± 0.5 °C and sacrificed under anesthesia at variable intervals after focal cerebral ischemia. Brains were removed and ischemic and contralateral cerebral cortices were isolated and frozen. The infarct area was delineated by 2,3,5-triphenyltetrazolium chloride (TTC) and the infarct volume was measured as previously described [38]. The same 3-vessel occlusion model was used in mouse as reported earlier [39]. The ATF3 knockout (KO) mice were kindly provided by Dr. Tsonwin Hai at Ohio State University [5]. ATF3 KO mice with C57BL/6 background were backcrossed for at least 10 generations in our institutional SPF animal facility before experiments [28]. Male KO and littermate WT control mice, 8- to 10-week-old of 20 to 30 g body weight, were subjected to 3-vessel occlusion for 25 min. All procedures were performed in accordance with the Public Health Service Guide Approved Procedures for the Care and Use of Laboratory Animals, and approved by the Academia Sinica Animal Studies Committee (IACUC) (protocol IDs: 13-01-494 & 20-12-1590 to TN Lin). All virus and siRNA treatments were performed by an investigator blinded to the surgical groups. The number of animals used in each experimental group were inserted into figures, each dot represented a data point from an individual animal.




4.2. RNA Isolation, Reverse Transcription (RT), Semi-Quantitative Polymerase Chain Reaction (PCR) and Real Time Quantitative PCR (qPCR)


RNA isolation was performed as previously described [40]. RNA concentrations were determined by NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), with ratio of 260/280 ≧ 2.0. RNA quality and DNA free was verified with RNA gel analysis. Total RNA (4 ug) was incubated with RevertAid™ H Minus First Strand cDNA Synthesis Kit (Cat #K1631; Fermentas, Vilnius, Lithuania). The reaction mixture was incubated at 65 °C for polydT oligomer annealing and then extension in buffer, dNTP, reverse transcriptase, and RNase inhibitor in a final volume of 20 μL at 42 °C for 1 h and then 70 °C for 5 min to inactivate the enzyme. Finally, a total of 80 uL DEPC treated water was added to the reaction mixture before storage at −80 °C. One or 2 μL of the RT reaction solution was used in the semi-quantitative PCR reaction. PCR was carried out in a 25 μL final volume containing 0.2 mM dNTP, 0.1 μM of each primer and 1 unit of Tag polymerase (Cat # M0273S; NEB, Ipswich, MA, USA). The mixture was subjected to PCR amplification for 25–30 cycles and incubated at 72 °C for 10 min then cooled to 4 °C (PE, Norwalk, CT, USA). Primers for rat-ATF3(NM_012912) F: 5′-GAGGGCCTGCGGTGACTAC-3′, R: 5′-CTGGCCATTGGACAACTTCA-3′ (301 bp); mouse-ATF3(NM_007498) F: 5′-CTGCCATCGGATGTCCTCTGC-3′, R: 5′-CCGTGCCACCTCTGCTTAGCTC-3′ (400 bp); rat-CTMP(NM_001025017) F: 5′-GTGCCATTGCAACCATCATC-3′, R: 5′-GTCAGAGGCTGCGCTGAAG-3′ (400 bp); mouse-CTMP F: 5′-TCTCTGGCTGTATTAGGGAACACA-3′, R: 5′-GGTAGAAGCCAGGAGAGAGTTCCT-3′ (305 bp); rat-ATF1(NM_001100895) F: 5′-TGCCTGGAGAACCGAGTTG-3′, R: 5′-TCCTTGAGCATCTCTCCTTTGG-3′ (300 bp); rat-ATF2(NM_031018) F: 5′-ACCAGGCCCATTTCCTCTTC-3′, R: 5′-TCTTCGACGGCCACTTGTATT-3′ (400 bp); rat-ATF4(NM_024403) F: 5′-TGTTGGAGAAAATGGACCTGAAA-3′, R: 5′-CACTTCCCAGCTCTAAACTAAAGGA-3′ (300 bp); rat-ATF5(NM_172336) F: 5′-ACCGCAAGCAAAAGAAGAGAGA-3′, R: 5′-ATGCACAGGGAAGTGAAATGG-3′ (300 bp); rat-ATF6(NM_001107196) F: 5′-CTTCGAGGCTGGGTTCATAGA-3′, R: 5′-ATGGGTGGTAGCTGGTAATAGCA-3′ (300 bp); rat-ATF7(NM_001108115) F: 5′-CATCCAACAGGCAAATAGGATCT-3′, R: 5′-TGCCTACCACCATTCCACAA-3′ (300 bp); β-actin(NM_031144) F: 5′-CATCCGTAAAGACCTCTATGCCAAC-3′, R: 5′-CAAAGAAAGGGTGTAAAACGCAGC-3′ (304 bp).



Quantitative real time PCR (qPCR) was performed on QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) per manufacturer’s instruction. Three sets of animals with two replicates, and triplicated for each data point were designed for qRT-PCR analysis. In brief, 0.625 uL of cDNA/RT reaction solution and 0.05 μM primers were added to 10 μL Power SYBR Green Master Mix (Cat #4367659; Thermo Fisher Scientific). Specific primers were designed using Primer Express 3.0.1 software, and listed as following: rat-ATF1 F: 5′-CAGATGACCCCCAACTCAAAA-3′, R: 5′-CCCGGGCAGCTTCTCTGT-3′ (60 bp); rat-ATF2 F: 5′-AGCTGCTTTGACCCAGCAA-3′, R: 5′-CCACTGCCGTGGCCTTT-3′ (53 bp); rat-ATF3 F: 5′-GCAGGCAGGAGCATCCTTT-3′, R: 5′-CCGGGATGGTAAGGCCTAA-3′ (56 bp); rat-ATF4 F: 5′-TCGATGCTCTGTTTCGAATGG-3′, R: 5′-CAACGTGGCCAAAAGCTCAT-3′ (61 bp); rat-ATF5 F: 5′-AGGTGACGGCTTCTCTGATTG-3′, R: 5′-GAGGAAGGAGGGCTGTGAAGT-3′ (59 bp); rat-ATF6 F: 5′-TTCTCTGATGGCCGTGCAT-3′, R: 5′-TGAAGATGACCCACAGAACCAA-3′ (64 bp); rat-ATF7 F: 5′-GGACCACCTGGCAGTTCATAA-3′, R: 5′-GGCCGGGCCGAACTT-3′ (58 bp); β-actin F: 5′- AAGGCCAACCGTGAAAAGAT-3′; R: 5′-GTGGTACGACCAGAGGCATAC-3′ (110 bp). Data were normalized using β-actin as an internal control and relative mRNA expression change between 2 groups was calculated by 2−ΔΔCt method.




4.3. Western Blot and Immunoprecipitation Analysis


Western blot analysis was performed as described [41]. In brief, samples were homogenized or lysed with ProteoJET™ Mammalian Cell Lysis Reagent (Cat #K0301) and protease inhibitor cocktail (Roche, Basel, Switzerland). An equal amount of proteins (20 µg) was applied to 10% SDS-polyacrylamide gels and electrophoresed. Separated proteins were electroblotted onto Hybond-P:PVDF membranes (Amersham, Piscataway, NJ, USA). The membranes were blocked in TBST buffer containing 20 mmol/L Tris-HCl, 5% non-fat milk, 150 mmol/L NaCl, and 0.05% Tween-20, at pH 7.5, for 1 h at room temperature. Blots were incubated with antibodies against ATF3 (sc-188, 1:500), β-Actin (sc-81178, 1:8000) [Santa Cruz Biotechnology, Inc., Dallas, TX, USA]; cleaved caspase 3(#9661) & 9(#9509), Bcl-2(#2876), cleaved PARP1(#9544), Akt (or PKB)(#9272), p-Akt(Ser473)(#4058), p-Akt(Thr308)(#9275), CTMP(#4612), p-Bad(Ser136)(#4366), Bad(#9292) (Cell signaling Technology, Inc., Danvers, MA, USA; 1:1000). Protein bands were visualized by an enhanced chemiluminescence system (Cat #32106, Pierce, Rockford, IL, USA). Intensity of protein bands was quantified by ImageJ software (Rawak software company, Berlin, Germany). Three rats (n = 3) for each group and each band represents a data point that was extracted from an independent brain sample and no replicates. Each band/image was quantified and normalized by β-actin, as internal control. The relative protein expression change was compared to control.




4.4. Preparation of Replication-Defective Recombinant Adenoviral Vectors


Viral vectors were prepared as previously described [42,43]. We constructed in the replication-defective recombinant adenoviral (rAd) vector a human phosphoglycerate kinase (hPGK) promoter to drive ATF3 (Ad-ATF3) or a hPGK promoter alone to serve as the control (Ad-hPGK). Replication-defective rAd vectors were generated by homologous recombination and amplified in HEK293 cells. rAd stocks were prepared by CsCl gradient centrifugation and stored at −80 °C. Viral titers were determined by a plaque-assay method. HEK293 cells were infected with serially diluted viral preparations and then overlaid with low melting-point agarose after infection. Numbers of plaques formed (pfu) were counted within 2 weeks.




4.5. Intracerebroventricular (icv) Infusion of Ad-ATF3 and CTMP siRNA


The procedure was performed as previously described [39,43]. Briefly, anesthetized rats or mice were placed in a stereotaxic apparatus; 10 or 5 μL of artificial cerebrospinal fluid containing rAd at 1 × 106 (rat) or 2 × 105 (mouse) pfu was infused into the right lateral ventricle at a rate of 2 or 1 μL/min at the following coordinates: Anterior, 2.5 or 1.5 mm caudal to bregma; Right, 2.8 or 1.5 mm lateral to midline; and Ventral, 3.0 or 1.5 mm ventral to dural surface for rat or mouse, respectively. To delineate the distribution of the transgene expression, we infused Ad-green fluorescence protein (GFP) into the right lateral ventricle for 72 h and GFP was visualized under microscopy. GFP was detected in the lining of ependymal cells and cells surrounding the right ventricle in all 8 coronal brain slices but not in the left ventricle, which had been published in the supplement data Figure S–I of a previous publication [44]. Periodic confirmation of proper placement of the needle was performed with infusion of fast green (Figure 2E and Figure 3D). Similar protocol was used to infuse 10 μL of artificial cerebrospinal fluid containing 25, 50, or 75 pmol CTMP siRNA into the right lateral ventricle at a rate of 2 μL/min. The concentrations of CTMP siRNA selected here were based on our previous experience. Specific CTMP siRNA and scRNA were purchased from MDBio Inc. (Taipei, Taiwan).




4.6. Behavioral Assessment


After MCA occlusion, rats exhibited unilateral forelimb weakness and flexion with reduced resistance when suspended by the tail and with applied pressure on their shoulders. Bederson’s test was used to evaluate neurological deficits based on the postural reflexes before MCA occlusion and 2- and 14-days after MCA occlusion by investigators blinded to the study conditions. Rats were scored based on the following criteria: grade 5 (normal); grade 4 (forelimb flexion and no other abnormalities); grade 3 (reduced resistance to lateral push toward the paretic side, and forelimb flexion); grade 2 (same behavior as grade 3, with circling toward the paretic side when pulling the tail on the table); grade 1 (same behavior as grade 2, with spontaneous circling); grade 0, no activity [40,45].



Behavioral ability in mice was assessed by prehensile test and beam balance test, with conductions recorded at before and post MCA occlusion day 1. In the prehensile test, mice were placed onto the round plate (3, 4, or 5 cm in diameter and set horizontally and suspended 60 cm above a foam pad to protect against fall injuries) to evaluate their balance ability and the power of the forepaw. The time until falling was tested two times and averaged. In the beam balance test, a wooden rectangular beam, 80 cm in length and 1.2 or 2.1 cm in width, was set horizontally and suspended 60 cm above a foam pad. Mouse neurological performance was assessed on a 6-point scale (from good to poor performance): (0), balance with steady posture on the beam (stay > 60 s or walk into cage box); (1), grasping side of beam (stay > 60 s); (2), one limb falling down (stay > 60 s); (3), two limbs falling down (stay > 40 s); (4), try to balance but fall off (stay > 20 s); (5), stay for > 10 s; and (6), cannot balance on the beam (stay < 10 s). The behavior was recorded by video and tested two times, and the results were averaged. All the experiments were conducted by a trained investigator blinded to the experimental conditions [41,46,47].




4.7. Magnetic Resonance Imaging (MRI) Experiment


MRI studies were performed on a 7-T PharmaScan 70/16 MR scanner (Bruker Biospin GmbH, Ettlingen, Germany) with an active shielding gradient (30 G/cm in 80 μs). Rats were initially anesthetized with 5% isoflurane and maintained with 1.5 to 2.0% isoflurane at 2 L/min air flow. Rats were allowed to breathe spontaneously throughout the experiments. Rats were placed in a prone position and fitted with a custom-designed head holder inside the magnet, as previously described [48]. Images were acquired using a 72-mm birdcage transmitter coil and a separate quadratic surface coil for signal detection. Multi-slice axial FES T2WI were acquired with a field of view of 3.0 × 3.0 cm2, a matrix size of 256 × 128 with zero-filling to 256 × 256, repetition time = 4500 ms, echo time = 70 ms, bandwidth = 50 kHz, slice thickness = 1 mm, number of averages = 8, and the total acquisition time is 9 min 36 s. T2WI was assessed by investigators blinded to the study conditions at 14 days after ischemia.




4.8. Statistical Analysis


Data were first checked with Shapiro–Wilk test and Levene’s test for normality and homogeneity, respectively; and the suitability for ANOVA analysis. If not, Kurstal–Wallis test, post-hoc Dunn’s test and linear regression were used to compare the expression of protein, mRNA and Bederson’s test using SAS 9.4 and R 4.1 software. In addition, the Bonferroni test was applied to minimize the multiple testing issue. p < 0.05 was considered significant.





5. Conclusions


In summary, the present proof of principle studies advocates the in vivo causal link between ATF3 and CTMP as key players in the regulation of ischemic brain injury and functional outcome. Consequently, delineating the ability for ATF3 to trans-repress CTMP will help to broaden insights into the development of more effective therapies to restrain brain damage caused by ischemic stroke.







Author Contributions


M.-H.K. and C.-Y.H. designed and preformed experiments; W.-M.C. prepared stroke animals; Y.-T.Y., J.-J.C. and Y.-S.H. helped to analyze data and design experiments; C.Y.H. and T.-N.L. carried out coordination, discussion, and manuscript preparation. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Minister of Science and Technology and Academia Sinica, Taiwan (TNL).




Institutional Review Board Statement


All procedures were performed in accordance with the Public Health Service Guide Approved Procedures for the Care and Use of Laboratory Animals and approved by the Academia Sinica Animal Studies Committee (IACUC). (protocol IDs: 13-01-494 & 20-12-1590 to T.-N.L.).




Informed Consent Statement


Not applicable.




Data Availability Statement


Analytic methods, and study materials will be made available on publication of this research article. The data will be available from the corresponding author on reasonable request.




Acknowledgments


We thank the Data Science Statistical Cooperation Center of Academia Sinica (AS-CFII-108-117) for statistical support (http://disc.stat.sinica.edu.tw/en/about-us/). We thank the Taiwan Animal Consortium which is funded by the Ministry of Science and Technology of Taiwan for technical support in MRI (http://tmc.sinica.edu.tw/index_tac_e.html).




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Hai, T.; Wolfgang, C.D.; Marsee, D.K.; Allen, A.E.; Sivaprasad, U. ATF3 and stress responses. Gene Expr. 1999, 7, 321–335. [Google Scholar] [PubMed]

	



Hai, T.W.; Liu, F.; Coukos, W.J.; Green, M.R. Transcription factor ATF cDNA clones: An extensive family of leucine zipper proteins able to selectively form DNA-binding heterodimers. Genes Dev. 1989, 3, 2083–2090. [Google Scholar] [CrossRef] [PubMed]

	



Hai, T.; Wolford, C.C.; Chang, Y.S. ATF3, a hub of the cellular adaptive-response network, in the pathogenesis of diseases: Is modulation of inflammation a unifying component? Gene Expr. J. Liver Res. 2010, 15, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, M.R.; Xu, D.; Williams, B.R.G. ATF3 transcription factor and its emerging roles in immunity and cancer. J. Mol. Med. 2009, 87, 1053–1060. [Google Scholar] [CrossRef] [PubMed]

	



Hartman, M.G.; Lu, D.; Kim, M.L.; Kociba, G.J.; Shukri, T.; Buteau, J.; Wang, X.; Frankel, W.L.; Guttridge, D.; Prentki, M.; et al. Role for activating transcription factor 3 in stress-induced beta-cell apoptosis. Mol. Cell. Biol. 2004, 24, 5721–5732. [Google Scholar] [CrossRef]

	



Hunt, D.; Raivich, G.; Anderson, P.N. Activating Transcription Factor 3 and the Nervous System. Front. Mol. Neurosci. 2012, 5, 7. [Google Scholar] [CrossRef]

	



Zhou, H.; Li, N.; Yuan, Y.; Jin, Y.-G.; Guo, H.; Deng, W.; Tang, Q.-Z. Activating transcription factor 3 in cardiovascular diseases: A potential therapeutic target. Basic Res. Cardiol. 2018, 113, 37. [Google Scholar] [CrossRef]

	



Petrović, A.; Ban, J.; Ivaničić, M.; Tomljanović, I.; Mladinic, M. The Role of ATF3 in Neuronal Differentiation and Development of Neuronal Networks in Opossum Postnatal Cortical Cultures. Int. J. Mol. Sci. 2022, 23, 4964. [Google Scholar] [CrossRef]

	



Tsujino, H.; Kondo, E.; Fukuoka, T.; Dai, Y.; Tokunaga, A.; Miki, K.; Yonenobu, K.; Ochi, T.; Noguchi, K. Activating Transcription Factor 3 (ATF3) Induction by Axotomy in Sensory and Motoneurons: A Novel Neuronal Marker of Nerve Injury. Mol. Cell. Neurosci. 2000, 15, 170–182. [Google Scholar] [CrossRef]

	



Katz, H.R.; Arcese, A.A.; Bloom, O.; Morgan, J.R. Activating Transcription Factor 3 (ATF3) is a Highly Conserved Pro-regenerative Transcription Factor in the Vertebrate Nervous System. Front. Cell Dev. Biol. 2022, 10, 824036. [Google Scholar] [CrossRef]

	



Ohba, N.; Maeda, M.; Nakagomi, S.; Muraoka, M.; Kiyama, H. Biphasic expression of activating transcription factor-3 in neurons after cerebral infarction. Mol. Brain Res. 2003, 115, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Kawasaki, K.; Yano, K.; Sasaki, K.; Tawara, S.; Ikegaki, I.; Satoh, S.-I.; Ohtsuka, Y.; Yoshino, Y.; Kuriyama, H.; Asano, T.; et al. Correspondence Between Neurological Deficit, Cerebral Infarct Size, and Rho-Kinase Activity in a Rat Cerebral Thrombosis Model. J. Mol. Neurosci. 2009, 39, 59–68. [Google Scholar] [CrossRef]

	



Ohba, N.; Kiryu-Seo, S.; Maeda, M.; Muraoka, M.; Ishii, M.; Kiyama, H. Expression of damage-induced neuronal endopeptidase (DINE) mRNA in peri-infarct cortical and thalamic neurons following middle cerebral artery occlusion. J. Neurochem. 2004, 91, 956–964. [Google Scholar] [CrossRef] [PubMed]

	



Song, D.-Y.; Oh, K.-M.; Yu, H.-N.; Park, C.-R.; Woo, R.-S.; Jung, S.-S.; Baik, T.-K. Role of activating transcription factor 3 in ischemic penumbra region following transient middle cerebral artery occlusion and reperfusion injury. Neurosci. Res. 2011, 70, 428–434. [Google Scholar] [CrossRef] [PubMed]

	



Ai, Z.; Cheng, C.; Zhou, L.; Yin, S.; Wang, L.; Liu, Y. RETRACTED: Bone marrow mesenchymal stem cells-derived extracellular vesicles carrying microRNA-221-3p protect against ischemic stroke via ATF3. Brain Res. Bull. 2021, 172, 220–228. [Google Scholar] [CrossRef]

	



Tang, Y.; Pacary, E.; Fréret, T.; Divoux, D.; Petit, E.; Schumann-Bard, P.; Bernaudin, M. Effect of hypoxic preconditioning on brain genomic response before and following ischemia in the adult mouse: Identification of potential neuroprotective candidates for stroke. Neurobiol. Dis. 2006, 21, 18–28. [Google Scholar] [CrossRef]

	



Nakagomi, S.; Suzuki, Y.; Namikawa, K.; Kiryu-Seo, S.; Kiyama, H. Expression of the Activating Transcription Factor 3 Prevents c-Jun N-Terminal Kinase-Induced Neuronal Death by Promoting Heat Shock Protein 27 Expression and Akt Activation. J. Neurosci. 2003, 23, 5187–5196. [Google Scholar] [CrossRef] [PubMed]

	



van der Weerd, L.; Akbar, M.T.; Badin, R.A.; Valentim, L.M.; Thomas, D.; Wells, D.; Latchman, D.S.; Gadian, D.G.; Lythgoe, M.F.; De Belleroche, J.S. Overexpression of Heat Shock Protein 27 Reduces Cortical Damage after Cerebral Ischemia. J. Cereb. Blood Flow Metab. 2010, 30, 849–856. [Google Scholar] [CrossRef]

	



Wu, F.; Echeverry, R.; Wu, J.; An, J.; Haile, W.B.; Cooper, D.S.; Catano, M.; Yepes, M. Tissue-type plasminogen activator protects neurons from excitotoxin-induced cell death via activation of the ERK1/2-CREB-ATF3 signaling pathway. Mol. Cell. Neurosci. 2013, 52, 9–19. [Google Scholar] [CrossRef]

	



Zhang, S.-J.; Buchthal, B.; Lau, D.; Hayer, S.; Dick, O.; Schwaninger, M.; Veltkamp, R.; Zou, M.; Weiss, U.; Bading, H. A Signaling Cascade of Nuclear Calcium-CREB-ATF3 Activated by Synaptic NMDA Receptors Defines a Gene Repression Module That Protects against Extrasynaptic NMDA Receptor-Induced Neuronal Cell Death and Ischemic Brain Damage. J. Neurosci. 2011, 31, 4978–4990. [Google Scholar] [CrossRef]

	



Ahlgren, H.; Orth, C.B.; Freitag, H.E.; Hellwig, A.; Ottersen, O.P.; Bading, H. The Nuclear Calcium Signaling Target, Activating Transcription Factor 3 (ATF3), Protects against Dendrotoxicity and Facilitates the Recovery of Synaptic Transmission after an Excitotoxic Insult. J. Biol. Chem. 2014, 289, 9970–9982. [Google Scholar] [CrossRef]

	



Takarada, T.; Kou, M.; Hida, M.; Fukumori, R.; Nakamura, S.; Kutsukake, T.; Kuramoto, N.; Hinoi, E.; Yoneda, Y. Protective upregulation of activating transcription factor-3 against glutamate neurotoxicity in neuronal cells under ischemia. J. Neurosci. Res. 2016, 94, 378–388. [Google Scholar] [CrossRef]

	



Wang, L.; Deng, S.; Lu, Y.; Zhang, Y.; Yang, L.; Guan, Y.; Jiang, H.; Li, H. Increased inflammation and brain injury after transient focal cerebral ischemia in activating transcription factor 3 knockout mice. Neuroscience 2012, 220, 100–108. [Google Scholar] [CrossRef] [PubMed]

	



Darlyuk-Saadon, I.; Weidenfeld-Baranboim, K.; Yokoyama, K.K.; Hai, T.; Aronheim, A. The bZIP repressor proteins, c-Jun dimerization protein 2 and activating transcription factor 3, recruit multiple HDAC members to the ATF3 promoter. Biochim. et Biophys. Acta (BBA)-Gene Regul. Mech. 2012, 1819, 1142–1153. [Google Scholar] [CrossRef]

	



Cheng, C.-F.; Lin, H. Activating transcription factor 3, an early cellular adaptive responder in ischemia/reperfusion-induced injury. Tzu Chi Med. J. 2018, 30, 61–65. [Google Scholar] [CrossRef] [PubMed]

	



Ma, N.; Li, G.; Fu, X. Protective role of activating transcription factor 3 against neuronal damage in rats with cerebral ischemia. Brain Behav. 2022, 12, e2522. [Google Scholar] [CrossRef]

	



Zhai, K.; Kong, X.; Liu, B.; Lou, J. Bioinformatics analysis of gene expression profiling for identification of potential key genes among ischemic stroke. Medicine 2017, 96, e7564. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.-Y.; Chen, J.-J.; Wu, J.-S.; Tsai, H.-D.; Lin, H.; Yan, Y.-T.; Hsu, C.Y.; Ho, Y.-S.; Lin, T.-N. Novel Link of Anti-apoptotic ATF3 with Pro-apoptotic CTMP in the Ischemic Brain. Mol. Neurobiol. 2015, 51, 543–557. [Google Scholar] [CrossRef]

	



Maira, S.-M.; Galetic, I.; Brazil, D.P.; Kaech, S.; Ingley, E.; Thelen, M.; Hemmings, B.A. Carboxyl-Terminal Modulator Protein (CTMP), a Negative Regulator of PKB/Akt and v-Akt at the Plasma Membrane. Science 2001, 294, 374–380. [Google Scholar] [CrossRef]

	



Jiang, H.-Y.; Wek, S.A.; McGrath, B.C.; Lu, D.; Hai, T.; Harding, H.P.; Wang, X.; Ron, D.; Cavener, D.R.; Wek, R.C. Activating Transcription Factor 3 Is Integral to the Eukaryotic Initiation Factor 2 Kinase Stress Response. Mol. Cell. Biol. 2004, 24, 1365–1377. [Google Scholar] [CrossRef]

	



Pitale, P.M.; Gorbatyuk, O.; Gorbatyuk, M. Neurodegeneration: Keeping ATF4 on a Tight Leash. Front. Cell. Neurosci. 2017, 11, 410. [Google Scholar] [CrossRef] [PubMed]

	



Ke, H.; Zhang, X.; Cheng, L.; Fan, Y.; Xiao, S.; Ma, Y.; Feng, G. Bioinformatic analysis to explore key genes associated with brain ischemia–reperfusion injury in rats. Int. J. Neurosci. 2019, 129, 945–954. [Google Scholar] [CrossRef] [PubMed]

	



Eisener-Dorman, A.F.; Lawrence, D.A.; Bolivar, V.J. Cautionary insights on knockout mouse studies: The gene or not the gene? Brain Behav. Immun. 2009, 23, 318–324. [Google Scholar] [CrossRef] [PubMed]

	



Miyawaki, T.; Ofengeim, D.; Noh, K.-M.; Latuszek-Barrantes, A.; Hemmings, B.A.; Follenzi, A.; Zukin, R.S. The endogenous inhibitor of Akt, CTMP, is critical to ischemia-induced neuronal death. Nat. Neurosci. 2009, 12, 618–626. [Google Scholar] [CrossRef]

	



Chen, Y.; Cai, M.; Deng, J.; Tian, L.; Wang, S.; Tong, L.; Dong, H.; Xiong, L. Elevated Expression of Carboxy-Terminal Modulator Protein (CTMP) Aggravates Brain Ischemic Injury in Diabetic db/db Mice. Neurochem. Res. 2016, 41, 2179–2189. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Shan, W.; Zuo, Z. Age-Related Upregulation of Carboxyl Terminal Modulator Protein Contributes to the Decreased Brain Ischemic Tolerance in Older Rats. Mol. Neurobiol. 2018, 55, 6145–6154. [Google Scholar] [CrossRef]

	



Setten, R.L.; Rossi, J.J.; Han, S.-P. The current state and future directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 2019, 18, 421–446. [Google Scholar] [CrossRef]

	



Lin, T.N.; He, Y.Y.; Wu, G.; Khan, M.; Hsu, C.Y. Effect of brain edema on infarct volume in a focal cerebral ischemia model in rats. Stroke 1993, 24, 117–121. [Google Scholar] [CrossRef]

	



Wu, J.S.; Cheung, W.M.; Tsai, Y.S.; Chen, Y.T.; Fong, W.H.; Tsai, H.D.; Chen, Y.C.; Liou, J.Y.; Shyue, S.K.; Chen, J.J.; et al. Ligand-activated peroxisome proliferator-activated receptor-gamma protects against ischemic cerebral infarction and neuronal apoptosis by 14-3-3 epsilon upregulation. Circulation 2009, 119, 1124–1134. [Google Scholar] [CrossRef]

	



Wu, J.S.; Tsai, H.D.; Cheung, W.M.; Hsu, C.Y.; Lin, T.N. PPAR-γ Ameliorates Neuronal Apoptosis and Ischemic Brain Injury via Suppressing NF-κB-Driven p22phox Transcription. Mol. Neurobiol. 2016, 53, 3626–3645. [Google Scholar] [CrossRef]

	



Wu, J.-S.; Kao, M.-H.; Tsai, H.-D.; Cheung, W.-M.; Chen, J.-J.; Ong, W.-Y.; Sun, G.Y.; Lin, T.-N. Clinacanthus nutans Mitigates Neuronal Apoptosis and Ischemic Brain Damage Through Augmenting the C/EBPβ-Driven PPAR-γ Transcription. Mol. Neurobiol. 2018, 55, 5425–5438. [Google Scholar] [CrossRef] [PubMed]

	



Graham, F.L.; Prevec, L. Methods for construction of adenovirus vectors. Mol. Biotechnol. 1995, 3, 207–220. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.; Lin, T.N.; Cheung, W.M.; Nian, G.M.; Tseng, P.H.; Chen, S.F.; Chen, J.J.; Shyue, S.K.; Liou, J.Y.; Wu, C.W.; et al. Cyclooxygenase-1 and bicistronic cyclooxygenase-1/prostacyclin synthase gene transfer protect against ischemic cerebral infarction. Circulation 2002, 105, 1962–1969. [Google Scholar] [CrossRef] [PubMed]

	



Lin, T.-N.; Cheung, W.-M.; Wu, J.-S.; Chen, J.-J.; Lin, H.; Chen, J.-J.; Liou, J.-Y.; Shyue, S.-K.; Wu, K.K. 15d-Prostaglandin J2 Protects Brain From Ischemia-Reperfusion Injury. Arter. Thromb. Vasc. Biol. 2006, 26, 481–487. [Google Scholar] [CrossRef] [PubMed]

	



Bederson, J.B.; Pitts, L.H.; Tsuji, M.; Nishimura, M.C.; Davis, R.L.; Bartkowski, H. Rat middle cerebral artery occlusion: Evaluation of the model and development of a neurologic examination. Stroke 1986, 17, 472–476. [Google Scholar] [CrossRef]

	



Schäbitz, W.-R.; Berger, C.; Kollmar, R.; Seitz, M.; Tanay, E.; Kiessling, M.; Schwab, S.; Sommer, C. Effect of Brain-Derived Neurotrophic Factor Treatment and Forced Arm Use on Functional Motor Recovery After Small Cortical Ischemia. Stroke 2004, 35, 992–997. [Google Scholar] [CrossRef]

	



Han, X.; Huang, X.; Wang, Y.; Chen, H. A study of astrocyte activation in the periinfarct region after cerebral ischemia with electroacupuncture. Brain Inj. 2010, 24, 773–779. [Google Scholar] [CrossRef]

	



Lin, T.-N.; Sun, S.-W.; Cheung, W.-M.; Li, F.; Chang, C. Dynamic Changes in Cerebral Blood Flow and Angiogenesis After Transient Focal Cerebral Ischemia in Rats: Evaluation with serial magnetic resonance imaging. Stroke 2002, 33, 2985–2991. [Google Scholar] [CrossRef]








[image: Ijms 24 02306 g001 550] 





Figure 1. A time-course study of the expression of ATF1–7 mRNAs following transient ischemia. Representative RT-PCR results of ATF1–7 mRNAs expression in the ipsilateral cortex of rats sub-jected to 60 min of MCA occlusion (A). Three rats (n = 3) for each group and each band represents a data point that was extracted from an independent brain sample and no replicates. The ATF1–7 mRNA bands were quantified and normalized with β-actin mRNA (internal control). The value obtained from the sham-operated controls (sh) was arbitrarily defined as 1 (B). ATF3 and ATF4 mRNAs were the only two isoforms showing significant increase (C). The real time qPCR results of ATF1–7 mRNAs expression in the ipsilateral cortex are shown in panel (D). qPCR were performed in three rats (n = 3), 2 replicates and triplicate for each point. Values: –0.5 and 0 represent 30 and 60 min after the onset of ischemia; 0.5, 1, 1.5, 4, 12, and 24 denote the duration of reperfusion in hours after 60 min of ischemia. Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 vs. sh. ATF: activating transcription factor. 
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Figure 2. ATF3 overexpression attenuates ischemic brain injury. Rats were subjected to icv infusion of Ad-ATF3 or Ad-hPGK control at 48 h/2 d prior to (A–C) or right after (D) 35 min of ischemia and infract volume had been determined at 24 h reperfusion. Representative Western blots of ATF3 and β-actin proteins in rat brain infected with adenoviral vectors and densitometric analysis (A). Three rats (n = 3) for each group and each band represents a data point that was extracted from an independent brain sample and no replicates. Symbols 12 h, 1 d, and 2 d represent 12 h, 24 h, and 48 h after adenovirus infection, respectively; and MCAO’ represents after 2 d infection rats were subjected to 35 min of MCA occlusion (MCAO) and 24 h reperfusion (n = 3). Brain infarct volume in rats treated with Ad-ATF3 or Ad-hPGK at 48 h before 35 min of ischemia (B) and representative images of brain infarct (C). Brain infarct volume in rats treated with Ad-ATF3 or Ad-hPGK immediately after 35 min of ischemia (D). Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 vs. control. Periodic confirmation of proper placement of the needle was performed with infusion of fast green (E). White area represents infarct area (yellow arrow). (Bars = 1 cm). ATF3: activating transcription factor 3; Ad-hPGK: rAd-carrying hPGK promoter; hPGK: human phosphoglycerate kinase; rAd: replication-defective recombinant adenoviral; Ad-ATF3: rAd-carrying hPGK promoter-driven ATF3 gene; MCAO: middle cerebral artery occlusion. 
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Figure 3. ATF3 knockout (KO) exacerbates ischemic brain injury. ATF3 KO mice were subjected to 25 min of ischemia and infract volume was determined at 24 h of reperfusion. Three wild type and three KO mouse brains were used in RT-PCR analysis; and another set of three wild type and three KO mouse brains were used in Western blot analysis. Each band represents a data point that was extracted from an independent brain sample and no replicates. Representative RT-PCR and Western blots of ATF3 mRNA and protein in the ischemic cortices (A). Brain infarct volume in KO and wild type (WT) mice after 25 min of ischemia and 24 h of reperfusion (B) and representative images of brain infarct (C). Each dot represents a data point from an individual animal. Data are expressed as mean ± SD (n ≧ 6). ★★ p < 0.01 vs. control. ATF3: activating transcription factor 3; MCAO: middle cerebral artery occlusion. 
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Figure 4. ATF3 overexpression rescues brain infarct and neurological deficits in ATF3 KO mice. ATF3 KO or WT mice were subjected to icv infusion of 2 × 105 pfu of Ad-ATF3 or Ad-hPGK at 48 h prior to 25 min of ischemia and infract volume was determined at 24 h of reperfusion. Brain infarct volumes are quantified in panel (A). Each dot represents a data point from an individual animal. Behavior tests based on prehensile test (B) or beam balance test (C,D) were performed at 24 h of reperfusion. Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 between groups. Representative images of brain infarct are shown in panel (E); white area represents infarct area (yellow arrow). Periodic confirmation of proper placement of the needle was performed with infusion of fast green (F). (Bars = 1 cm). ATF3: activating transcription factor 3; Ad-hPGK: rAd-carrying hPGK promoter; hPGK: human phosphoglycerate kinase; rAd: replication-defective recombinant adenoviral; Ad-ATF3: rAd-carrying hPGK promoter-driven ATF3 gene; MCAO: middle cerebral artery occlusion. 
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Figure 5. ATF3 overexpression attenuates while knockout aggravates apoptosis in the ischemic brain. Apoptosis-related proteins were measured in ischemic cortices of rats infected with 1 × 106 pfu of Ad-ATF3 or Ad-hPGK and subjected to 35 min of MCAO and 24 h of reperfusion (A,C). Six rats for each group and each band represents a data point that was extracted from an independent brain sample or in ATF3 KO and WT mice subjected to 25 min of MCAO and 24 h of reperfusion (B,D). Six WT or KO mice for each group and each band represents a data point that was extracted from an independent brain sample. Apoptosis-related proteins were analyzed by Western blotting. ND indicates not determined. Bar graphs in the adjacent panels show compiled data. Controls were arbitrarily defined as 1 (Ad-hPGK in panel (A,C); or WT in panel (B,D)). Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 vs. controls. ATF3: activating transcription factor 3; Ad-hPGK: rAd-carrying hPGK promoter; hPGK: human phosphoglycerate kinase; rAd: replication-defective recombinant adenoviral; Ad-ATF3: rAd-carrying hPGK promoter-driven ATF3 gene; MCAO: middle cerebral artery occlusion; CTMP: carboxyl-terminal modulator protein. 
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Figure 6. Reduction in ischemic brain injury with post-ischemic CTMP siRNA treatment. (A) A time-course study of CTMP mRNA levels in the ischemic cortices of rats subjected to 60 min of MCA occlusion and various reperfusion periods as in Figure 1. Three rats for each group and each band represents a data point that was extracted from an independent brain sample. Representative RT-PCR bands are shown in the upper panel and bar graphs below are compiled data shown as mean ± SD (n = 3). (B) Rats were subjected to icv infusion of CTMP siRNA at 25, 50, or 75 pmol (si 25, si 50, or si 75, respectively) or 75 pmol of scramble RNA (sc 75) right after 35 min of MCA occlusion, and infarct volume was measured at 24 h of reperfusion. Representative images of brain infarct are shown at the bottom. (C) The apoptosis-related proteins were measured at 24 h of reperfusion. Three rats for each group and each band represents a data point that was extracted from an independent brain sample. Representative Western blot bands are shown in the left and bar graphs aside are compiled data shown as mean ± SD (n = 3). (D) Rats were subjected to icv infusion of CTMP siRNA 2 h after 35 min of MCA occlusion, and infarct volume were measured at 24 h of reperfusion. Representative images of brain infarct are shown at the bottom. Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 vs. controls. White area represents infarct area (yellow arrow). (Bars = 1 cm). CTMP: carboxyl-terminal modulator protein; ATF3: activating transcription factor 3; MCAO: middle cerebral artery occlusion; scRNA: scramble RNA; siRNA: small interfering RNA. 
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Figure 7. Post-ischemic CTMP siRNA treatment leads to sustained reduction in brain infarct and improves neurological deficit. Rats were subjected to icv infusion of 75 pmol CTMP siRNA right after 35 min of MCA occlusion. Functional outcome based on Bederson’s postural reflex test were measured at 2 and 14 days of reperfusion (A,B). Rats were then subjected to T2-weighted MRI for infarct volume analysis (C), representative T2-weighted MR images of coronal brain sections are shown in panel (D). Each dot represents a data point from an individual animal. Data are expressed as mean ± SD (n ≧ 6). ★ p < 0.05 and ★★ p < 0.01 vs. controls. White area represents infarct area (yellow arrow). (Bars = 1 cm). CTMP: carboxyl-terminal modulator protein; MCAO: middle cerebral artery occlusion; scRNA: scramble RNA; siRNA: small interfering RNA. 
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