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Abstract

Roux-en-Y gastric bypass (RYGB) surgery is a commonly performed and very effective method to 

achieve significant, long-term weight loss. Opioid analgesics are primarily used to manage 

postoperative pain as fewer alternative medication options are available for bariatric surgery 

patients than for the general population. Recent clinical studies support a greater risk for substance 

use following bariatric surgery, including an increased use of opioid medications. The present 

study is the first to study morphine self-administration in a rat model of RYGB. High fat diet-

induced obese (HFD-DIO) rats underwent RYGB (n=14) or sham-surgery with ad libitum HFD 

(SHAM, n=14) or a restricted amount that resulted in weight matched to the RYGB cohort 

(SHAM-WM, n=8). An additional normal-diet (ND, n=7), intact (no surgery) group of rats was 

included. Two months after the surgeries, rats were fitted with jugular catheters and trained on a 

fixed ratio-2 lick task to obtain morphine intravenously. Both morphine-seeking (number of licks 

on an empty spout to obtain morphine infusion) and consumption (number of infusion) were 

significantly greater in RYGB than any control group beginning on Day 3 and reached a two-fold 

increase over a period of two weeks. These findings demonstrate that RYGB increases motivation 

for taking morphine and that this effect is independent of weight loss. Further research is 

warranted to reveal the underlying mechanisms and to determine whether increased morphine use 

represents a risk for opioid addiction following RYGB. Identifying risk factors preoperatively 

could help with personalized postoperative care to prevent opioid abuse and addiction.
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1. Introduction

The growing epidemic of obesity and associated health consequences represent a major 

cause of preventable death. At present, Roux-en-Y gastric bypass (RYGB) is a highly 

effective surgical method to achieve significant, long-term weight loss (Marcus et al., 2009). 

In contrast to improved food preferences and reduced food cravings following RYGB 

(Brown et al., 1982; Halmi et al., 1981; Le Roux et al., 2011; Olbers et al., 2006), there 

appears to be a greater vulnerability for some patients to develop substance use disorder 

(SUD) after RYGB (Dutta et al., 2006). For example, recent clinical reports have revealed an 

increased risk for alcohol consumption (Ertelt et al., 2008; Hsu et al., 1998; King et al., 

2012; Suzuki et al., 2012). Recently, our laboratory (Hajnal et al., 2012; Polston et al., 2013; 
Thanos et al., 2012) and others (Davis et al., 2013) reported increased alcohol self-

administration in dietary obese (DIO) rats that underwent the RYGB operation, suggesting 

that a biological cause may drive the increase in substance use after the surgery.

The present study is the first to test whether RYGB also alters self-administration of 

morphine in an obese rat model of RYGB. The rationale of focusing on morphine was that 

most RYGB patients experience postoperative pain severe enough to require systemic opioid 

therapy (Cohen et al., 2013). Doctors have relatively few options for alternative pain relief in 

bariatric surgery patients. Non-steroidal anti-inflammatory agents should be avoided in this 

population (Sasse et al., 2008) and, while acetaminophen can be used, it is less efficacious in 

these patients (Sasse et al., 2008). Opioid use in patients with higher pain sensitivity, 

characteristic of obese patients even after weight loss (Cohen et al., 2013; Dodet et al., 

2013), may lead to rapid development of tolerance, and escalating dosages can, themselves, 

increase pain sensitivity even when the initial cause has been resolved. In fact, an increased 

risk for chronic morphine use after bariatric surgery, RYGB in particular, is supported not 

only by anecdotal accounts in the popular media (Berthoud et al., 2012; Sóuter, 2007; 
Spencer, 2006), but also by clinical observations (Reslan et al., 2014; Saules et al., 2010; 
Wendling and Wudyka, 2011) including a recent large-sample, population-based, 

longitudinal study (Raebel et al., 2013) which confirmed a risk of increased chronic use of 

opioid drugs following RYGB. Among those who had no prior history, chronic opioid use 

also emerged after surgery (from 0 to ~5 mg daily morphine equivalents, escalating from 

years 2 and 3 after the surgery) such that 8% of the bariatric surgery population used opioids 

chronically, exceeding the 3% observed in the general population (Boudreau et al., 2009). In 

a recent study (Ivezaj et al., 2014), the majority of those who met criteria for substance use 

disorder (SUD) after surgery (68 %) did not have a pre-RYGB history of SUD. Therefore, 

with the increasing number of patients who have received or will receive the surgery, the 

problem of new onset SUD is expected to grow and the long-term adverse effects (i.e., 

health and social problems associated with addiction) to escalate. Thus, preclinical research 

using animal models to determine the impact of bariatric surgery on risk for opiate addiction 

is of high translational relevance.
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2. Materials and methods

2. 1. Subjects and Diet

Forty-three Sprague-Dawley adult rats (Charles River, Wilmington, MA) were utilized 

during these studies. Rats at approximately 4 weeks of age, weighing between 200–225 g 

were housed in temperature and humidity controlled cages and maintained on a 12:12-hr 

light-dark cycle (lights on at 0700).

Rats were either maintained on normal diet or placed on a nutritionally complete high fat 

diet to induce obesity. The high fat diet (D12494, Research Diets Inc., New Brunswick, NJ) 

consists of 60% kcal fat, 20% kcal carbohydrates, and 20% kcal protein, providing a 5.24 

kcal/gram diet. The rats were maintained on the high fat diet for 26–28 weeks prior to 

surgery and continued on the high fat diet throughout the experiment. Seven rats were 

maintained on normal chow (Harlan Teklad, Madison, WI), while thirty-six rats were placed 

on high fat chow. The high fat diet group was further separated into three surgical groups as 

follows: SHAM, n=14, SHAM WM (weight managed), n=8, and RYGB, n=14. Normal diet 

controls, RYGB, and SHAM rats were allowed ad lib access to food prior to and after 

surgery with water ad lib, except during training and drug schedule. SHAM WM rats were 

allowed ad lib access to food prior to surgery; however, after surgery these rats were given 5 

HFD pellets daily as a weight managed group.

2.2. Drugs

Morphine sulfate (Sigma-Aldrich, St. Louis, MO) solution of 2.25 mg/mL (dissolved in 

sterile saline) was prepared for each self-administration chamber prior to the daily sessions. 

The rats were allowed to self-administer morphine in a dose of 0.225 mg per infusion.

2.3. Roux-en-Y Gastric Bypass and Sham Surgeries

After the animals were on high fat diet for 26 – 28 weeks, they underwent either RYGB or 

SHAM surgery. The techniques and perioperative care were previously described (Hajnal et 

al., 2012). Rats were fasted overnight and had water ad lib prior to surgery, then anesthetized 

(isoflurane: 3% for inductions, 1.5% for maintenance). All animals were pretreated with 

antibiotic (Gentamycin: 2.5 mg/kg, IM, APP Pharmaceuticals, LLC, Schamburg, IL and 

Ceftriaxone: 30 mg/kg, SC, Sandoz Inc., Princeton, NJ) and buprenorphine (Buprenex: 0.05 

mg/kg, SC, Reckitt Benckiser Pharmaceuticals, Richmond, VA) for pain control. Utilizing a 

sterile procedure during the surgery, through a midline laparotomy, the stomach was 

separated in the RYGB procedure using a linear-cutting stapler (ETS-Flex Ethicon Endo 

surgery, 45mm blue load) to create a small gastric pouch isolated from the bypassed 

stomach. The jejunum was measured 15 cm from the ligament of Treitz and the distal 

segment was anastomosed end-to-side to form a pouch gastrojejunostomy. The proximal 

jejunum was anastomosed 15 cm along the distal limb end-to-side. Both anastomoses were 

created utilizing interrupted 5-0 monofilament suture material (Prolene) sutures. The muscle 

layer was closed using running 3-0 nylon suture and the skin layer was closed utilizing 

running 4-0 nylon suture. SHAM controls received a gastric manipulation to simulate the 

stapler insertion, then replaced to original position, followed by a transverse enterotomy 15 

cm from the ligament of Treitz that was re-closed with 5-0 Prolene interrupted sutures. 
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Postoperative care consisted of normal saline (10 mL bid, SC), ceftriaxone (30 mg/kg, SC), 

gentamycin (2.5 mg/kg, IM), and carprofen (5 mg/kg, SC) for 3 days. Animals received 

BOOST (Nestle Nutrition, Minneapolis, MN) 24 hr after surgery for 5 days with water ad 

lib, then return to their designated high fat diet.

2.4. Jugular Catheter Implantation

Approximately two months following RYGB or SHAM surgery, rats were anesthetized 

(isoflurane: 3% induction, 1.5% maintenance) and a catheter was surgically implanted into 

the right external jugular vein. The catheter design and surgical protocols are described 

elsewhere (Grigson and Twining, 2002). The catheter was routed subcutaneously to the back 

for access to be coupled to the self-administration apparatus. Catheters were flushed daily 

with 0.2 ml of heparinized saline to maintain patency, and verification with 0.2 ml of IV 

propofol (Diprivan 1%) as needed. Following catheterization, animals were allowed 5 days 

of recovery before behavioral training commenced.

2.5. Self-Administration Procedure

Training and testing of self-administration of morphine took place in six identical operant 

chambers (MED Associates, St. Albans, VT). After surgical recovery, animals were attached 

to a coupling assembly, where syringe pumps were connected to a swivel system in the test 

chambers, enabling the computer controlled IV infusion of morphine. Rats were overnight 

water deprived for continuous access training, where for 3 days rats received 30 min water 

access in the operant chambers and 3 hr of water access each afternoon in their home cages 

to maintain proper hydration. Following water training for 3 days, rats began a 16 hr 

overnight morphine access, where rats received access to all three spouts: spout 1 (left- 

“inactive” spout), spout 2 (center – “active” spout), and spout 3 (right – “water” spout), for 

16 hours. Morphine delivery was triggered by a lickometer circuit, in that licks on an empty 

spout (the active spout) would trigger an infusion of 0.225 mg of morphine (100 µl in 2 s). 

After the 16 hr overnight access, the rats began daily morphine self-administration sessions 

of 1 hr duration. Rats were placed in the operant chambers with the three spouts that were 

empty. Upon program activation, spouts 1 and 2 were presented, with licks on the inactive 

spout producing no programmed consequences and licks on the active spout (triggering 

morphine infusions) counting towards the completion of the FR2 schedule of reinforcement. 

The FR2 schedule was performed for 10 consecutive days.

2.6. Statistical Analysis

All data were analyzed with Prism (Version 5, GraphPad, San Diego, CA) using Analysis of 

Variance (ANOVA). Body weight (g) was measured daily, presented as Mean ± SEM of 

Group (RYGB, SHAM, SHAM WM, Normal), and analyzed using two-way mixed factorial 

ANOVA with Group and Day (Pre-surgery and Pre-experiment) as independent factors and 

Bonferroni post-hoc tests. For the behavioral tests, the number of infusions and licks made 

on both empty spouts were measured and analyzed as dependent factors using two-way 

mixed factorial ANOVAs with Group and Day as independent factors. Significant findings 

were further analyzed using Bonferroni post-hoc tests. In addition, one-way ANOVAs with 

Tukey’s multiple comparison tests were used to compare effects (total empty spout licks and 

total infusions) across groups.
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3. Results

3.1. Body Weight and Food Intake

The rats’ weights were measured prior to the surgical procedure day and at the beginning of 

the self-drug administration experiment (Fig. 1). ANOVA revealed a significant effect for 

Group by Day interaction (F(3,68) = 6.16, p<0.001). Posthoc tests showed that the RYGB 

rats were significantly heavier compared to the normal group of rats on the day of their 

surgery (p<0.05), but not statistically different from the other groups that received HFD. 

After surgery, the RYGB rats lost a significant (p<0.05) amount of weight by the time of 

self-administration testing (782.75 ± 33.66 g vs. 656.71 ± 33.97g, ~16%). At the beginning 

of the behavioral tests, RYGB rats weighed significantly less that SHAM rats (p<0.001) but 

were not statistically different from SHAM WM and Normal diet cohorts. In fact, 

SHAMWM rats that were allowed ad lib access to HFD prior to surgery and thereafter were 

given a restricted daily allotment of HFD achieved a significant (p<0.05) weight loss 

compared to SHAM controls but showed no significant weight difference compared to the 

RYGB group.

3.2. Operant Performance and Morphine Intake

Morphine delivery was triggered by a lickometer circuit and licks on the empty active spout 

as well as licks on the inactive spouts were recorded throughout the FR2 schedule for each 

group of rats for 10 days. ANOVA revealed a significant effect for group × trials 

(F(3,306)=26.47, p<0.0001) for the empty active spout licks, i.e., morphine seeking (Fig 2A) 

but not for inactive spout licks (not shown). Throughout the 10 days of the FR2 schedule, 

post-hoc tests showed that the RYGB group of animals compared to the SHAM, SHAM 

WM, and the Normal groups made more licks on the active empty spout (p<0.05), 

particularly across days 3 to 8 (Fig. 2A). The range of licks by the RYGB rats was between 

20 and 30 licks, where the SHAM, SHAM WM, and normal group of rats produced around 

15 licks throughout the FR2 schedule days. When observing the average number of licks 

exhibited on the empty active spout during the entire experiment (Fig. 2B), ANOVA showed 

again a significant group effect (F(3,35)=5.11, p<0.01) with the RYGB group licking 

significantly more compared to the normal and SHAM WM groups (p<0.05), as well as the 

SHAM group (p<0.005).

The infusion of morphine was dependent upon the completion of the FR2 schedule of 

reinforcement or two licks on the active empty spout operant. In general, the infusion data 

mirrored the response data such that the RYGB group self-administered more infusions/trials 

than did the SHAM, SHAM WM, and Normal groups (see Figure 3A). Support for this 

conclusions was provided by a significant group × trials ANOVA (F(3,310)=25.88, 

p<0.0001). Again, post hoc tests revealed that rats in the RYGB group took more infusions 

of morphine than did rats in each of the three control conditions, p < .05. Post-hoc tests 

showed that compared to controls the RYGB rats received more infusions from day 3 to day 

8 (Fig. 3A). The number of infusions RYGB group received during the FR2 sessions ranged 

between 8 and 13 infusions. The SHAM, SHAM WM, and Normal groups self-administered 

infusions ranging between 3 and 7 per session. When the average number of infusions 

received over the entire 10 days of the testing was analyzed by one-way ANOVA and 
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Tukey’s posthoc tests, we found the number of infusions was significantly greater for RYGB 

(Fig. 3B). RYGB infused significantly more morphine than SHAM and SHAM WM 

(p<0.05), as well as Normal diet group (p<0.01).

4. Discussion

Here we show that in HF-DIO rats RYGB increases morphine self-administration. 

Furthermore, we demonstrate that this effect was due to factors other than weight loss, as the 

amount of morphine the RYGB rats self-administered was significantly greater than that of 

the HF-DIO surgical control rats that were subject to chronic caloric restriction to achieve a 

weight loss similar to the RYGB rats. This latter finding is potentially important as it 

demonstrates changes in responsiveness to reward following RYGB directly affecting the 

opioid system in addition to mechanisms that may change reward threshold by affecting the 

dopamine system as has been shown in the case of caloric deprivation (Carr, 2002). An 

additional finding supporting the notion of a potential risk of addiction was an escalation 

observed in the amount of morphine that the RYGB rats self-administered in our study. Such 

a phenomenon has been seen with drugs of abuse and is considered a hallmark of persistent 

addiction liability (Edwards and Koob, 2013). It has to be noted, however, that the present 

study used a ‘low demand’ FR-2 schedule of reinforcement task and relatively short sessions 

with the primary goal of investigating differences in drug intake between RYGB and control 

animals over a short period of time. Future studies, therefore, using a progressive ratio 

schedule of reinforcement task and extended access paradigms with assessment of 

extinction/reinstatement are warranted to determine whether the increased morphine self-

administration after RYGB leads to addiction.

Whereas development of substance use in bariatric patients is likely influenced by numerous 

psychosocial and demographic factors, the findings from the present study using animals 

strongly suggest that a biological cause may drive the increase in morphine self-

administration. Multiple biological factors likely contribute to increasing chronic opioid use 

after RYGB. For example, obese individuals demonstrate more pain sensitivity and lower 

pain detection thresholds than those who are not obese and altered pain processing persists 

after bariatric surgery (Dodet et al., 2013). Furthermore, since opioids are absorbed in the 

gastrointestinal tract, typically in the duodenum and proximal jejunum (Lotsch et al., 1999; 
Tan et al., 1989), changes in pharmacokinetics due to altered anatomy, or reduced body 

adiposity following bariatric surgery may raise the potential for opioid addiction (Lloret-

Linares et al., 2014). Future studies in this high fat diet-induced obese rat model, are 

warranted to investigate changes in pain threshold and pharmacokinetics of opioid 

analgesics. In addition, there is high comorbidity between depression and addiction (Koob, 

2008; Kosten et al., 1998; Markou et al., 1998) and there is a higher prevalence of 

depression in the bariatric surgery population (Bocchieri et al., 2002; Burgmer et al., 2007). 

A recent study (Tabibian et al., 2015) examined bariatric surgery patients’ response to a 

chronic pain rehabilitation program compared to non-bariatric patients with chronic pain. At 

discharge from the pain management program, bariatric patients demonstrated significantly 

higher scores for emotional concerns and were taking more morphine on an equivalent dose 

basis (+44%) as well as benzodiazepines and were less likely to complete treatment 

compared to controls. These findings suggest an association between increased prescription 
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opioid use and altered pain and mood regulation following bariatric surgery, and calls for 

routine pain assessment of the patients pre- and post-surgery. Nevertheless, a recent study 

(Raebel et al., 2013) failed to find causality between prior history of chronic pain or 

depression and the increase in postsurgical opioid use, pointing to post-operative changes as 

causal factors.

Another plausible factor driving increased morphine use after bariatric surgery is weight 

loss. There is significant evidence that drugs of abuse hijack the neurocircuitry that mediates 

appetitive motivation and reward (Cardinal and Everitt, 2004; Corwin and Hajnal, 2005; Di 

Chiara, 2005; Grigson, 2002; Kelley and Berridge, 2002; Volkow and Wise, 2005). There is 

extensive research providing support for the regulation of drug effects by mechanisms of 

energy balance and body weight regulation (Daws et al., 2011; DiLeone, 2009; Marinelli et 

al., 1996). Studies in rats have shown that food restriction increases sensitivity to the 

rewarding properties of drugs of abuse (Berthoud and Zheng, 2012; Cabeza de Vaca and 

Carr, 1998; Carr et al., 2010; Carr et al., 2000). Therefore, it is plausible that excessive 

weight loss after RYGB exacerbates sensitivity to drug reward. In contrast, a recent study 

(Raebel et al., 2013) found that opioid use was independent of weight loss achieved by the 

surgery. In accordance, the present data showed that RYGB rats displayed significantly 

greater morphine self-administration compared to calorically restricted, weight-matched 

surgical controls. Thus, weight loss alone is unlikely to explain the increased use of opioid 

drugs following RYGB.

Although it was not directly investigated in the present study (i.e., lean rats, were not 

included because bariatric surgery is not performed in lean individuals), it is possible that 

change in diet may contribute to increased substance use. In fact, rats with free access to 

HFD display impaired acquisition of cocaine self-administration (Wellman et al., 2007) and 

amphetamine-conditioned place preference (Davis et al., 2008). Thus, one may suppose that 

the reduced consumption of fatty foods following the surgery (Behary and Miras, 2015) may 

reverse blunted reward and drug seeking. Recent brain imaging studies suggest that 

following RYGB, food-cues may elicit reduced activation in brain (Ochner et al., 2011; 
Ochner et al., 2012a; Ochner et al., 2012b; Scholtz et al., 2014). Perhaps, more surprisingly, 

RYGB appears also to result in blunted activation in the prefrontal cortex to food cues 

(Ochner et al., 2012a; Ochner et al., 2012b), an area thought to be involved in inhibition of 

impulsive behaviors. In a recent imaging study, we found that a sub-set of high fat dietary 

obese rats, those that maintained weight loss at higher level following RYGB, showed an 

increased activation of brain reward areas in response to cues associated with highly 

stimulating treats (Thanos et al., 2015). These, and other data, collectively suggest a greater 

risk for some patients to engage in alternative excessive behavior (Goldstein et al., 2007; 
Kalivas and Volkow, 2005; Volkow and Baler, 2013; Wang et al., 2004a), and they fit well 

the clinical observations of increased risk among RYGB patients for substituting food with 

alcohol (Ertelt et al., 2008; Hsu et al., 1998; King et al., 2012; Suzuki et al., 2012) or use of 

other substances (Conason et al., 2013; Dutta et al., 2006). The ‘symptom substitution’ 

theory (Kazdin, 1982) posits that the successful elimination of a particular symptom without 

treating the underlying cause will result in the appearance of a substitute symptom. Thus, an 

increase in substance use following RYGB might occur because the surgery largely 
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eliminates excessive eating (Niego et al., 2007) and results in remission of food addiction 

(Pepino et al., 2014) without altering individual predispositions to addictive behaviors.

A common denominator for food and drug reward is the dopamine system with similar 

abnormalities in obesity and addiction (Blum et al., 2014; Tomasi and Volkow, 2013; 
Volkow et al., 2013). Prior literature suggests that both weight-reduced and obese animals 

have similar deficits in dopamine neurotransmission (Geiger et al., 2009; Pothos et al., 

1995a; Pothos et al., 1995b) also termed as ‘reward deficiency syndrome’ (Blum et al., 

1996) which may explain their altered propensity to self-administer either palatable food or 

drugs. In fact, brain imaging studies have demonstrated reductions in dopamine D2 receptor 

in the striatum of both obese humans (Wang et al., 2001) and in rats (Thanos et al., 2008; 
Wang et al., 2004b) similar to those seen in drug of abuse (Volkow et al., 2013). 

Interestingly, RYGB in humans has been shown to alter the expression of D2Rs in the 

striatum, although the results are controversial (Dunn et al., 2010; Steele et al., 2010). Thus, 

future research should seek to identify the underlying neural correlates.

5. Conclusions

To the best of our knowledge, this is the first study to demonstrate increased morphine self-

administration in an animal model of RYGB with no prior history of drug exposure. This 

finding is consistent with clinical observations of an increased risk of new onset substance 

use in some patients who undergo RYGB, and in turn, suggests a biological mechanism. 

Further research is warranted to reveal the underlying mechanisms and determine whether 

increased morphine use represents a risk for opioid addiction following RYGB. Identifying 

risk factors preoperatively could help with personalized postoperative care to prevent opioid 

use and addiction.
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Highlights

- RYGB in high fat dietary rats increased self-administration of 

morphine

- The effects were independent of weight loss: did not occur in 

weight-matched rats

- The findings are consistent with clinical data and suggest a 

biological mechanism
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Figure 1. 
Diet induced obese rats’ body weight at time of Surgery and at time of the Experiment. a, 

p<0.05 Comparing RYGB day of surgery to normal diet controls. b, p<0.001 Comparing 

SHAM on the day of the experiment to RYGB, SHAM WM, and normal diet controls. c, 

p<0.05 Comparing day of surgery to experiment day in all but normal diet.
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Figure 2. 
A: Time line of the 10 FR2 schedule days observing licks on the active empty spout. B: 
Average number of licks observed on the active empty spout for the FR2 schedule days. a, 

p<0.05 Comparing RYGB to SHAM WM and normal diet controls. b, p<0.005 Comparing 

RYGB to SHAM.
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Figure 3. 
A: Time line of the number of infusions on completed cycles each group received during the 

10 FR2 test days. B: Average number of infusions on completed cycles observed for the FR2 

test days. a, p<0.01 Comparing RYGB to normal diet controls.

b, p<0.05 Comparing RYGB to SHAM and SHAM WM.
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