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Sex differences in hippocampal β-adrenergic receptor subtypes drive retrieval, retention, and learning of cocaine-associated memories









 


	
	
ORIGINAL RESEARCH
published: 14 May 2024
doi: 10.3389/fnbeh.2024.1379866








[image: image2]

Sex differences in hippocampal β-adrenergic receptor subtypes drive retrieval, retention, and learning of cocaine-associated memories

Melanie M. Berry1, Beau Miller1,2, Silvia Kelsen1, Carlee Cockrell1,2 and Amy Stave Kohtz1,3*


1Department of Psychiatry, Division of Neurobiology and Human Behavior, University of Mississippi Medical Center, Jackson, MS, United States

2Department of Biological Sciences, Mississippi College, Jackson, MS, United States

3Center for Innovation and Discovery in Addictions, University of Mississippi Medical Center, Jackson, MS, United States

Edited by
 Juan M. Dominguez, The University of Texas at Austin, United States

Reviewed by
 Devin Mueller, Kent State University, United States
 Julia Ravenna Martz, Massachusetts College of Pharmacy and Health Sciences, United States
 James Mark Otis, Medical University of South Carolina, United States

*Correspondence
 Amy Stave Kohtz, akohtz@umc.edu 

Received 31 January 2024
 Accepted 04 April 2024
 Published 14 May 2024

Citation
 Berry MM, Miller B, Kelsen S, Cockrell C and Kohtz AS (2024) Sex differences in hippocampal β-adrenergic receptor subtypes drive retrieval, retention, and learning of cocaine-associated memories. Front. Behav. Neurosci. 18:1379866. doi: 10.3389/fnbeh.2024.1379866
 

Background: Drug seeking behavior occurs in response to environmental contexts and drug-associated cues. The presence of these pervasive stimuli impedes abstinence success. β-adrenergic receptors (β-ARs) have a long-standing historical implication in driving processes associated with contextual memories, including drug-associated memories in substance use disorders. However, sex differences in the role of β-adrenergic receptors in drug memories remain unknown.

Hypothesis: Prior reports indicate a selective role for β2-ARs in retrieval and retention of contextual drug memories in males, and substantial sex differences exist in the expression of β-ARs of male and female rats. Therefore, we hypothesized that there are sex differences in selective recruitment of β-ARs during different stages of memory encoding and retrieval.

Methods: The role of β-ARs in driving retrieval and learning of contextual cocaine memories was investigated using cocaine conditioned place preference (CPP) in adult male and female Sprague–Dawley rats. Rats were infused directly to the dorsal hippocampus with Propranolol (β1 and β2) or ICI-118,551 (β1) and/or Betaxolol (β2), immediately prior to testing (retrieval), or paired to each cocaine (10 mg/kp, IP) conditioning session (learning).

Results: In males, administration of either β1, β2, or combined β1 and β2-ARs before the initial CPP testing reduced the expression of a CPP compared to vehicle administration. In females, β2-ARs transiently decreased CPP memories, whereas β1 had long lasting but not immediate effects to decrease CPP memories. Additionally, β1 and combined β1 and β2-ARs had immediate and persistent effects to decrease CPP memory expression. DG Fos + neurons predicted cocaine CPP expression in males, whereas CA1 and CA3 Fos + neurons predicted cocaine CPP expression in females.

Conclusion: There are significant sex differences in the role of dorsal hippocampus β-ARs in the encoding and expression of cocaine conditioned place preference. Furthermore, sub regions of the dorsal hippocampus appear to activate differently between male and female rats during CPP. Therefore DG, CA3, and CA1 may have separate region- and sex-specific impacts on driving drug- associated, or context-associated cues.
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1 Introduction

Sex differences are found in the progression of substance use disorders. Men and women differ in the initiation, progression, and relapse to cocaine use. Women show higher response rates to triggers of cravings and use of cocaine (Kennedy et al., 2013), develop cocaine dependence more rapidly (Becker and Koob, 2016; Castro-Zavala et al., 2020), differ in response to social cues (Waldrop et al., 2010) and seek treatment options sooner than do men (Lynch et al., 2002). These observations are well recapitulated in rodent models (Becker and Hu, 2008; Fattore et al., 2008; Anker and Carroll, 2011). Thus, understanding mechanisms driving sex differences in addiction is important in the pursuit of addiction therapies.

The environment in which a drug was taken can incentivize drug craving and contribute to relapse (Childress et al., 1988). Memory retrieval following the presentation of environmental cues requires signaling in the dorsal hippocampus (Matus-Amat, 2004; Wiltgen et al., 2010; Ferrara et al., 2019; Anderson and Floresco, 2021). Prior studies indicate inhibition of the dorsal hippocampus during condition place preference testing (CPP) (Meyers et al., 2006; Hitchcock and Lattal, 2018), attenuates the retention, consolidation, and retrieval of drug-associated memories (Fuchs et al., 2005; Crombag et al., 2008). We have previously implicated the dorsal hippocampus as a focal point that may drive sex differences in cocaine use disorder, as antagonizing noradrenergic or serotonergic receptors in the dorsal hippocampus can attenuate operant cocaine-seeking behavior in a sex dependent manner (Kohtz and Aston-Jones, 2017). Thus, the dorsal hippocampus drives contextual cue driven cocaine seeking and may contribute to sex differences in context dependent relapse.

Cocaine-associated memories are maintained by the activation of the β-adrenergic receptor (β-AR), as these memories can evoke drug craving and reinstatement. Previously, it has been shown that blocking β1-ARs, but not β2-ARs in male rats can induce a deficit in cocaine associated memory retrieval and retention of CPP (Otis et al., 2013; Fitzgerald et al., 2016). Additionally, evidence reveals that preventing the retrieval of drug associated memories with β-adrenergic receptor (β-AR) antagonists causes long-lasting impairments in retrieval in rodents (Otis and Mueller, 2011; Otis et al., 2013). This retrieval prevention has been shown to provide protection against drug-induced reinstatement (Otis and Mueller, 2011), confirming that disruption of retrieval would limit relapse susceptibility. However, sex differences in the selective role of these receptors in driving drug memories remain unknown. Herein, we investigated the hypothesis that there are sex differences in the role of dorsal hippocampus β-adrenergic receptors in cocaine-associated contextual memories using CPP.



2 Methods


2.1 Animals

Female (200–250 g, n = 103) and male (275–325 g, n = 115) Sprague Dawley rats (Envigo) were singly housed under a reversed 12 h/12 h light/dark cycle (lights off at 0800 h) per prior reported methods (Zakharova et al., 2009; Turner et al., 2014; Venniro et al., 2018; Lorenz et al., 2022). All experiments were conducted between 10 am and 2 pm, Monday through Friday. Rats had free access to food and water and were housed in the animal facility at the University of Mississippi Medical Center. All experiments were approved by the institutional animal care and use committee (IACUC # 2022–1,170) and conducted in accordance with the National Institutes of Health specifications outlined in their Guide for the Care and Use of Laboratory Animals.



2.2 Dorsal hippocampus cannula implantation

Rats were anesthetized by intraperitoneal (i.p.) injection of ketamine/xylazine (56.5/8.7 mg/kg) and given carprofen (1 mg/kg) as an analgesic. Bilateral guide cannulas were implanted to the dorsal hippocampus (AP: −3.0, ML: ±2.0, DV: −2.5). Cannula placement was confirmed for each rat as indicated in the corresponding figures (Retrieval; Figure 1, Learning; Figure 2).
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FIGURE 1
 Schematics and placement checks in all experiments. (A) Diagram depicting methods for testing retrieval and retention in CPP. Rats are first assessed for side preferences on day 1 for 15 min. Days 2–4, rats received saline in the AM and were placed in their preferred side and cocaine in the PM and were placed in their non-preferred side. Day 5, rats received β-adrenergic receptor antagonists intrahippocampally 10 min prior to being tested for 15 min. Two weeks later, rats were re-tested for 15 min to assess retention. Histological confirmation of intra-hippocampal infusion sites. (B) Diagram depicting methods for testing learning and retention in CPP. Rats chose a preference side on day 1 during a 15-min interval. Days 2–4, rats received saline in the AM and were placed in their preferred side. In the PM, rats were intrahippocampally injected 10 min prior to receiving cocaine and were placed in their non-preferred side. On day 5, females were tested for 15 min. Two weeks later, females were re-tested for 15 min to assess consolidation retention. Histological confirmation of intra-hippocampal infusion sites. (C) Injection sites in recall experiments are indicated by black (male) and pink (female) circles on the right graph (adapted from Paxinos and Watson, 2014). (D) Injection sites in learning experiments are indicated by black (male) and pink (female) circles on the right graph (adapted from Paxinos and Watson, 2014).Created with Biorender.com.
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FIGURE 2
 The role of β-ARs in CPP memories in males. (A–D) Effects of adrenergic receptor antagonists injected immediately prior to retrieval in males. Betaxolol (A), ICI 118,551 (B), Betaxolol + ICI 118,551 (C) and Propranolol (D) had long-lasting effects to decrease CPP memories. *indicates p < 0.05. (E–H) Effects of adrenergic receptor antagonists injected immediately prior to each cocaine conditioning session in males. Betaxolol (E), ICI 118,551 (F), Betaxolol + ICI 118,551 (G) and Propranolol (H) had immediate and persistent effects to decrease CPP memory expression. * indicates p < 0.05 compared to aCSF vehicle.




2.3 Drugs

Cocaine hydrochloride (NIDA, Research Triangle Park, NC) was dissolved in 0.9% sterile saline and was administered intraperitoneally (i.p.) at a dose of 10 mg/kg immediately before being placed in the conditioning chamber. Betaxolol (β1 AR antagonist, 1 nmol/1.0 μL/side, Betaxolol) and/or ICI 118551, (β2 AR antagonist, 1 nmol/1.0 μL/side, ICI 118551), or S/R-propranolol (β1+ β2 AR antagonist, 1 nmol/1.0 μL/side, Propranolol; combined β-adrenergic and 5-HT1A/B receptor antagonist; Pazos et al., 1985), were intracranially administered at a rate of 0.1 μL/min 10 min before each cocaine conditioning session (learned) or before each testing session (retrieval). All intracranially administered drugs were dissolved in aCSF obtained from Tocris Sciences. In addition to the selective β-adrenergic receptor antagonists, S/R-Propranolol at 10 mg/kg (5 mg/mL R /5 mg/mL S) was also tested given its widespread clinical and pre-clinical use (Schwabe et al., 2012; Haubrich et al., 2020; Chen et al., 2021).



2.4 Conditioned place preference


2.4.1 Chamber

Four two-compartment chambers automatic door CPP boxes were used for habituation, testing, and conditioning. The two chambers measured (12″ x 8.25″ x 8.25″) and were separated by a center piece containing an automatic guillotine door. The black and white sides both had grid rod floors. During conditioning, rats were isolated to either the white side or the black side. During habituation and tests days, rats had access to the entire apparatus with the guillotine door held open.



2.4.2 Habituation

On day 1 at 12 pm, rats were placed in the CPP box on the side with the black chamber with the guillotine door open giving access to both sides for 15 min of habituation as seen in Figures 1, 2. Rats with an observable side preference (>60% of the time spent on one side or the other) during habituation were counter-conditioned with cocaine on the non-preferred side.



2.4.3 Conditioning

Starting on day 2, rats were placed in CPP boxes at 10 am and 4 h later at 2 pm. The 10 am session consisted of the rats receiving saline injections intraperitonially immediately before being placed in the chamber that was preferred on habituation day. The rats were confined to this side for 30 min with the guillotine door closed before being removed and placed back in their home cage (Figure 1). At 2 pm, 4 h later, rats received cocaine injections intraperitonially immediately before being placed in the chamber that was not initially preferred on habituation day. The rats were confined to the non-preferred side for 30 min with the guillotine door closed before being removed and placed back in their home cage (Figure 1).



2.4.4 Retrieval testing

To test whether Betaxolol, and/or ICI 118,551, or Propranolol treatment would prevent retrieval of cocaine seeking behavior on ED1, each group of rats were intracranially administered one of the drugs at a rate of 0.1 μL/min 10 min before testing in the CPP chamber with the guillotine door opened. Following this test, the rats were returned to their home cages for 2 weeks (Figure 1).



2.4.5 Learning

In a separate group of rats, we tested the effects of β-ARs on acquisition/consolidation (learning) of CPP memory. To test the effects of β1 and β2 adrenergic receptor antagonists on the expression of CPP memories, each rat was intracranially administered one of the drugs at a rate of 0.1 μL/min 10 min before each cocaine injection intraperitonially and were placed in their non-preferred side on conditioning days (Figure 2).



2.4.6 Retention testing

To test the persistence of β-adrenergic receptor antagonists’ effects on the expression of CPP memories, all rats were re-tested 2 weeks later with no injections given (Figure 2).




2.5 Transcardial perfusion

Prior to perfusions, rats were anesthetized using isoflurane and placed on a surgical plane. Two 3-4in incisions were made through the abdominal wall and cutting through the rib cage. The sternum was clamped with the hemostat and a 15-gage blunt-tipped perfusion needle was inserted into the ascending aorta and secured with a hemostat. Finally, we made an incision to the animal’s right atrium using iris scissors to create as large an outlet as possible without damaging the descending aorta. Rats were perfused with 1 mL/gram body weight of 1x PBS, followed by 4% paraformaldehyde (PFA) at a constant speed of ~1 mL/5 s. Brains were post-fixed in 4% PFA for 24 h at 4 degrees Celsius, before transfer to 30% sucrose cryoprotectant and sectioning.



2.6 Immunohistochemistry

Immunohistochemistry was implemented as previously described (Kohtz and Aston-Jones, 2017). Sections were blocked in 10% normal donkey serum (Jackson Labs) for 2 h in PBS-T with 0.1%bAz. Rabbit anti-Fos antibody (1: 1000, Synaptic Systems). The sections were then rinsed and incubated in secondary (Alexa fluor 488; 1: 500, Invitrogen) for 2 h. Sections were then mounted and imaged on a Zeiss Axiozoom x16.




3 Results


3.1 A single infusion of an antagonist targeting β1 and/or β2 ARs impaired cocaine contextual memory retrieval and retention in male rats

We first tested the effects of administering a single injection of a β-adrenergic receptor antagonists 10 min prior to testing for cocaine conditioned place preference memory retrieval in male rats (n = 6-7/group) using the timeline described in Figure 1. Using a repeated measures two-way ANOVA, we found a significant interaction between β-adrenergic receptor antagonists and test day [F(4,26) = 3.176, ηp2 = 0.33, p = 0.0299] and a significant main effect of drug condition independent of test day [F(4,26) = 9.833, ηp2 = 0.60, p < 0.0001]. Post-hoc analyses reveal that Betaxolol (β1-AR) administered prior to testing, impaired retrieval of the CPP memory on test 1, and impaired retention when tested on test 2 [F(1,10) = 26.59, p = 0.0004; Figure 3A]. ICI 118,551 (β2-AR) administered prior to testing, impaired retrieval of the CPP memory on test 1, and impaired retention when tested on test 2 [F(1,10) = 30.53, p = 0.0003; Figure 3B]. When combined, Betaxolol + ICI 118,551 were less effective than when administered alone, however similarly impaired retrieval and retention of a CPP memory as when administered alone [F(1,10) = 18.44, p = 0.0016; Figure 3C], as did Propranolol [F(1,11) = 86.35, p = 0.0002; Figure 3D]. These effects suggest that the efficacy of β-adrenergic receptor antagonists to attenuate the retrieval and retention of cocaine memories remained consistent across receptor subtypes, when administered directly to the dorsal hippocampus.
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FIGURE 3
 The role of β-ARs in CPP memories in females. (A–D) Effects of adrenergic receptor antagonists injected immediately prior to retrieval in females. (A) Betaxolol transiently decreased CPP memories, whereas ICI 118,551 (B) had long-lasting, but not immediate effects to decrease CPP memories. Betaxolol + ICI 118,551 (C) and Propranolol (D) impaired CPP memory retrieval and retention tested 2 weeks later. * indicates p < 0.05. (E–H) Effects of adrenergic receptor antagonists injected immediately prior to each cocaine conditioning session in females. ICI 118,551 (F), Betaxolol + ICI 118,551 (G), and Propranolol (H) had immediate and persistent effects to decrease CPP memory expression. *indicates p < 0.05 compared to aCSF vehicle.




3.2 Infusions of antagonists targeting β1 and/or β2 ARs impaired cocaine contextual memory learning and retention in male rats

We next tested the effects of administering an infusion of a β-adrenergic receptor antagonists 10 min prior to each cocaine conditioning session in male rats (n = 5-8/group) using the timeline described in Figure 2. We found a significant main effect of treatment to decrease cocaine preference persistently in male rats [F(4,30) = 5.626, ηp2 = 0.43, p = 0.0017]. Betaxolol (β1-AR antagonist) [F(1,11) = 10.31, p = 0.0083 Figure 3E], ICI 118,551 (β2-AR antagonist; F (1,11) = 26.06, p = 0.0003; Figure 3F), Betaxolol + ICI 118,551 [F(1,14) = 7.046, p = 0.0189, Figure 3G], and Propranolol [β1 + β2 AR antagonist; F (1,13) = 20.83, p = 0.0005; Figure 3H] to persistently decrease the expression of the CPP memory. These effects suggest that the efficacy of β-adrenergic receptor antagonists to attenuate learning persistently of cocaine memories remained consistent across receptor subtypes, when administered directly to the dorsal hippocampus.



3.3 A single infusion of an antagonist targeting β1 ARs impaired retrieval, whereas antagonists to β2 ARs impaired retention, of contextual cocaine associated memories in female rats

We then investigated the effects of administering a single injection of a β-adrenergic receptor antagonists 10 min prior to testing for cocaine conditioned place preference memory expression in female rats (n = 5-8/group) per the timeline depicted in Figure 1. We found a significant main effect of treatment to decrease CPP memory expression retrieval and retention in female rats [F(4,28) = 9.590, ηp2 = 0.58, p < 0.0001]. Post-hoc analyses reveal Betaxolol transiently decreased CPP expression [F(1,10) = 26.59, p = 0.0004; Figure 4A], whereas ICI 118,551 had long-term, but not immediate, effects to attenuate cocaine CPP [F(1,10) = 30.53, p = 0.0003; Figure 4B]. Combined antagonists Betaxolol + ICI 118,551 [F(1,9) = 24.16, p = 0.0008, Figure 4C] and Propranolol [F(1,11) = 86.35, p = 0.0002; Figure 4D] had both immediate and sustained effects to attenuate cocaine CPP expression. Therefore, in female rats, β1-ARs likely drive recall, whereas β2-ARs drive retention, of cocaine CPP memories.
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FIGURE 4
 Fos + neuron reactivity in subregions of the dorsal hippocampus following CPP testing in male rats. (A) Timeline of CPP and sacrifice conditions. Rats were sacrificed 60 min after the conclusion of either the first or second CPP test. (B) Fos + neurons in the dentate gyrus increased with cocaine-conditioning compared to saline-conditioned controls. * indicates p < 0.05. Neurons in the dentate gyrus showed increased Fos + expression on test 2 independent of saline or cocaine administration. ** indicates p < 0.05. (C,D) The number of Fos + neurons in CA3 (C) and CA1 (D) did not increase with cocaine conditioning. Neurons in CA3 and CA1 did show increased Fos + expression on test 2 independent of saline or cocaine administration. **indicates p < 0.05. (E) Correlation matrix representing R2 values in male rats. Test 1 CPP memory expression correlated to test 2 memory expression, and to dentate gyrus (DG), but not CA3 or CA1, Fos + neurons in the dHPC. Red underline indicates p < 0.05. (F) Example images of cocaine conditioned (top) and saline conditioned (bottom) males sacrificed on test 1. Fos + neurons are represented in green and Dapi (nuclei) in blue.




3.4 Infusions of antagonists targeting both β1 and β2 receptors impaired learning of contextual cocaine memories in female rats

In a separate group of rats, we investigated the effects of β-adrenergic receptor antagonists on CPP learning in female rats (n = 5-8/group) per the timeline in Figure 2. There was a main effect of drug treatment to decrease expression of cocaine preference [F(4,28) = 6.512, ηp2 = 0.48, p = 0.0008; Figure 4]. Post-hoc analysis revealed Betaxolol [F(1,11) = 10.31, p = 0.0083; Figure 4E], ICI 118,551 [F(1,11) = 26.06, p = 0.0003; Figure 4F], Betaxolol + ICI 118,551 (F(1,9) = 23.53, p = 0.0009; Figure 4E) and Propranolol [F(1,12) = 19.06, p = 0.0006; Figure 4E] persistently attenuated cocaine CPP when administered paired with cocaine conditioning. Therefore, impairing recall or retention by β1 and β2 antagonism respectively, is sufficient to impair learning of cocaine CPP in female rats.



3.5 Fos + neurons in the dentate gyrus predicted contextual cocaine memories in male rats, whereas Fos + neurons in CA1 and CA3 predicted contextual cocaine memories in female rats

A separate group of rats were used to identify regional Fos expression in the dorsal hippocampus during CPP retrieval. Male (n = 4/group) and female (n = 5-7/group) rats were conditioned for cocaine or saline (controls). Rats were sacrificed 60 min after the conclusion of CPP test and brains were examined for Fos expression in subregions of the dHC (Figure 5A).

There was a significant interaction between test day and conditioning in male rats, wherein cocaine conditioned, but not saline conditioned, rats had increased Fos + neurons in the dentate gyrus on test day 1 [F(1,16) = 9.858, p = 0.0063] only. Notably, all male rats irrespective of conditioning had elevated Fos + neurons on test day 2 compare to test day 1 [DG: F(1,16) = 9.254, p = 0.0078 Figure 5B]; CA3: [F(1,16) = 17.48, p = 0.0007 Figure 5C; CA1: F(1,16) = 22.49, p = 0.0002; Figure 5D]. The effects of elevated Fos + neurons on test day 2 compared to test day 1 recapitulate those shown in prior reports (Zhou et al., 2013). Furthermore, DG, but not CA3 or CA1, Fos + neuron expression significantly correlated to Test 1 (Figure 5E).
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FIGURE 5
 Fos + neuron reactivity in subregions of the dorsal hippocampus following CPP testing in female rats. (A) Timeline of CPP conditioning and sacrifice times as in Figure 5. (B–D) Fos + neurons in the dentate gyrus, CA3, and CA1 increased with cocaine-conditioning and was retained to test 2. *indicates p < 0.05. (E) Correlation matrix representing R2 values in female rats. Test 1 CPP memory expression correlated to CA3 and CA1 Fos + neurons in the dHC. Red underline indicates p < 0.05. (F) Example images of cocaine conditioned (top) and saline conditioned (bottom) females sacrificed on test 1. Fos is represented in green and Dapi in blue.


In female rats conditioned with cocaine, Fos + neurons in the dentate gyrus [F(1,20) = 9.989, p = 0.0049; Figure 6], CA3 [F(1,20) = 15.08, p = 0.0009; Figure 6], and CA1 [F(1,20) = 12.24, p = 0.0023; Figure 6] were elevated by CPP retrieval on both test 1 and test 2 compared to rats conditioned with saline alone. With cocaine-conditioning and was retained to test 2. In contrast to male rats, CA1 and CA3 Fos + neurons correlated to test 1 CPP expression, but DG Fos + neurons did not (Figure 6).

[image: Figure 6]

FIGURE 6
 Sex specific roles of β-AR and Fos + immunoreactivity in the dorsal hippocampus driving cocaine conditioned place preference. Table of β-AR receptors and Fos + neuron distribution in dorsal hippocampus CA1 and their involvement in CPP memories based upon current results. While β-ARs have global involvement in driving CPP memories in males, the role of β-ARs in females is restricted to subtype and memory modality. Although elevated Fos + neuron activity following retrieval of CPP memories is similar, the relationship between Fos + neurons and CPP memory expression is sexually-differentiated. DG Fos + neurons predict CPP expression in males, and CA1/CA3 Fos + neurons predict CPP expression in females. * indicates Fos + neurons that correlated to the magnitude of memory expression on test 1 in each sex.





4 Discussion

Herein, we show sex differences in the role of β-adrenergic receptors in driving contextual cocaine memories. Administration of a singular infusion to the dHC of Betaxolol, ICI 118,551, and Propranolol had long lasting, immediate, and persistent effects to decrease CPP memories in male rats, indicating β1-ARs and β2-ARs similarly impact cocaine CPP of male rats. Our results additionally show that β1-ARs and β2-ARs differentially impact cocaine CPP of female rats. Betaxolol transiently decreased CPP memories, whereas ICI 118,551 had long-lasting, but not immediate effects to decrease CPP memories. Propranolol, a combined β1/β2-adrenergic and 5-HT1A/1B receptor antagonist, both impaired CPP memory retrieval and retention tested 2 weeks later, whereas ICI 118,551 and Propranolol had immediate and persistent effects to decrease CPP memory expression. Together, these findings indicate that there are significant sex differences in the role of dorsal hippocampus β-ARs in the encoding and expression of cocaine conditioned place preference.

The dHC is implicated in context-dependent, but not discrete cue- or drug-dependent, cocaine seeking (Raybuck and Lattal, 2014). Underlying sex differences in dHC LTP, spine morphology, and stimulus sensitivity, may drive selective responding of CA1/CA3 to conditioning (Reviewed in Yagi and Galea, 2018). In particular, male rats have greater CA1/CA3 Fos + neuron reactivity during fear conditioning tasks compared to females (Keiser et al., 2017; Colon and Poulos, 2020), which may be driven by greater early and late LTP in CA1/CA3 following high frequency stimuli in males (Yang et al., 2004). Conversely, during operant cocaine memory retrieval, females show a greater increase in CA1/CA3 Fos + neurons compared to males (Kohtz and Aston-Jones, 2017). These effects may be due to sex differences in spine morphology, as female rats show greater population spikes (Woolley et al., 1990), and spine densities (Galea et al., 1997) in CA1/CA3, an effect that may be driven by estradiol (Woolley et al., 1990). Furthermore, previous studies have shown sexually dimorphic Fos expressions in the dHC following CPP studies with female rats showing higher Fos expression than male rats in the CA1 and CA3 (Zhou et al., 2013). Our data confirm and extend these findings, as we show CPP memories are predicted by Fos + neurons in CA1/CA3 in females, but not in males. As is suggested throughout these studies, the profile of hippocampal plasticity and retrieval in response to the context is both sex and stimuli dependent; in that females may show greater neuroplasticity in response to contextual drug cues than do males.

Prior studies show distinct mechanisms for β-AR receptor retrieval and reconsolidation of drug-associated contextual memories. β-AR receptor antagonism, in particular to the prelimbic medial prefrontal cortex, but not to the basolateral amygdala, can attenuate cocaine CPP persistently (Otis et al., 2013). Furthermore, they show these effects are driven by limited neuron excitability leading to long-lasting memory impairment and synaptic depression (Otis et al., 2017, 2018), an effect not observed in the basolateral amygdala. Herein, β-AR receptor antagonists applied to the dHC (i.e., onboard during context retrieval), similarly decreased the expression of drug memories persistently, suggesting a similar mechanism of action in the dHC. Further studies are required to investigate if sex-differences in the behavioral response to selective β-AR blockade reflect sex differences in NE-induced potentiation, or neuron excitability.

In addition to β1 and β2 adrenergic receptors being pharmacologically different, it is well established that there are sex differences in β-AR levels and responsiveness between male and female rodents in the hippocampus (Fuchs et al., 2005; Becker and Hu, 2008; Bangasser et al., 2012; Fitzgerald et al., 2016). Previous studies (Fitzgerald et al., 2016) tested the effects of β1 and β2 adrenergic receptor antagonists in male rats found selective differences; however, β-AR receptor antagonists were administered systemically. Higher doses of β1 (10 mg/kg and 20 mg/kg) receptor antagonists showed an effect whereas lower doses (3 mg/kg) only attenuated CPP long term, but not immediately. Additionally, β2 receptor antagonists at lower doses (4 mg/kg and 8 mg/kg) did not reduce initial expression of CPP in previous studies. These effects are in contrast to ours, as we show using an intrahippocampal approach, β1 and β2 receptor antagonists similarly impact CPP in male rats, both transiently and persistently. Although there is evidence of central effects with systemic administration (Uchida, et al., 2002; Hare et al., 2006), both Betaxolol and ICI-118,551 are lipophilic molecules, the differences in the observed effects might be contributable to their efficacy in passing the blood brain barrier as compared to a direct intracranial infusion.

It has previously been found that Propranolol was effective in animal studies to disrupt anxiety caused by withdrawal and associated drug seeking in male rats (Harris and Aston-Jones, 1993a,b; Smith and Aston-Jones, 2008). Additionally, Propranolol and carvedilol have shown promising effects in clinical studies to reduce cocaine-seeking behaviors (Sofuoglu, 2000; Kampman, 2009). While these drugs are typically used as β-adrenergic receptor antagonists, Propranolol is also a 5-HT1A/1B receptor antagonist (Pazos et al., 1985). It has been previously found by our lab that 5-HT signaling is involved in drug reward (Harris et al., 2001; Harris and Aston-Jones, 2001), and we hypothesize that some of the effects of Propranolol to influence drug seeking may also involve antagonism of 5-HT receptors. In the following study, S-Propranolol, an adrenergic and serotonin receptor antagonist, and its enantiomer R-Propranolol that antagonizes 5-HT receptors, Previous research has found that in male rats, Betaxolol treated rats were less likely to show a CPP than saline-treated rats. ICI 118,551 treated rats were equally likely to show a CPP for retrieval, but only a higher dose (8 mg/kg) treatment of ICI 118,551 reduced a CPP expression long-term (Fitzgerald et al., 2016).

Herein, we investigated the necessity of β-ARs in driving memory retrieval, retention, and acquisition/consolidation (learning) of cocaine associated memories in both male and female rats. Our behavioral results corresponded to previous findings showing that β-adrenergic receptor antagonists have immediate and long-lasting effects to decrease CPP memories in males. In females, Betaxolol transiently decreased CPP memories, whereas ICI 118,551 had long lasting, but not immediate effects to decrease CPP memories. Propranolol, however, impaired memory retrieval and retention in females. Additionally, ICI 118,551 and propranolol had immediate and persistent effects to decrease CPP memory expression. This could potentially indicate that β-ARs modulate cocaine-seeking behaviors.



Data availability statement

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



Ethics statement

The animal study was approved by University Committee for the Use and Care of Animals at the University of Mississippi. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

MB: Writing – review & editing, Writing – original draft, Methodology, Investigation, Formal analysis, Data curation. BM: Writing – review & editing, Writing – original draft, Visualization, Validation, Software, Investigation. SK: Writing – review & editing, Writing – original draft, Validation, Supervision, Project administration, Methodology, Investigation. CC: Writing – review & editing, Writing – original draft, Investigation. AK: Writing – review & editing, Writing – original draft, Visualization, Supervision, Resources, Project administration, Methodology, Funding acquisition, Formal analysis, Data curation, Conceptualization.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research received project support from R00 DA045758 to AK.



Acknowledgments

All experimental results reported were conducted according to a protocol approved by the University Committee for the Use and Care of Animals at the University of Mississippi.



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.



References

 Anderson, M. C., and Floresco, S. B. (2021). Prefrontal-hippocampal interactions supporting the extinction of emotional memories: the retrieval stopping model. Neuropsychopharmacol. 47, 180–195. doi: 10.1038/s41386-021-01131-1


 Anker, J. J., and Carroll, M. E. (2011). Females are more vulnerable to drug abuse than males: evidence from preclinical studies and the role of ovarian hormones. Curr. Top. Behav. Neurosci. 8, 73–96. doi: 10.1007/7854_2010_93 

 Bangasser, D. A., Reyes, B. A. S., Piel, D., Garachh, V., Zhang, X-Y, Plona, Z. M., et al. (2012). Increased vulnerability of the brain norepinephrine system of females to corticotropin-releasing factor overexpression. Mol. Psychiatry. 18, 166–173. doi: 10.1038/mp.2012.24


 Becker, J. B., and Hu, M. (2008). Sex differences in drug abuse. Front. Neuroendocrinol. 29, 36–47. doi: 10.1016/j.yfrne.2007.07.003 

 Becker, J. B., and Koob, G. F. (2016). Sex differences in animal models: focus on addiction. Pharmacol. Rev. 68, 242–263. doi: 10.1124/pr.115.011163 

 Castro-Zavala, A., Martín-Sánchez, A., and Valverde, O. (2020). Sex differences in the vulnerability to cocaine’s addictive effects after early-life stress in mice. Eur. Neuropsychopharmacol. 32, 12–24. doi: 10.1016/j.euroneuro.2019.12.112


 Chen, L., Huang, S., Yang, C., Wu, F., Zheng, Q., Yan, H., et al. (2021). Blockade of β-Adrenergic Receptors by Propranolol Disrupts Reconsolidation of Drug Memory and Attenuates Heroin Seeking. Front. Pharmacol. 12:845. doi: 10.3389/fphar.2021.686845 

 Childress, A., Ehrman, R., McLellan, A. t., and O’Brien, C. (1988). Conditioned craving and arousal in cocaine addiction: a preliminary report. PubMed. 81, 74–80.


 Colon, L. M., and Poulos, A. M. (2020). Contextual processing elicits sex differences in dorsal hippocampus activation following footshock and context fear retrieval. Behav. Brain Res. 393:112771. doi: 10.1016/j.bbr.2020.112771 

 Crombag, H. S., Bossert, J. M., Koya, E., and Shaham, Y. (2008). Context-induced relapse to drug seeking: a review. Philos. Trans. R. Soc. B Biol. Sci. 363, 3233–3243. doi: 10.1098/rstb.2008.0090 

 Fattore, L., Altea, S., and Fratta, W. (2008). Sex Differences in Drug Addiction: A Review of Animal and Human Studies. Womens Health 4, 51–65. doi: 10.2217/17455057.4.1.51


 Ferrara, N. C., Trask, S., Pullins, S. E., and Helmstetter, F. J. (2019). The dorsal hippocampus mediates synaptic destabilization and memory lability in the amygdala in the absence of contextual novelty. Neurobiol. Learn. Mem. 166:107089. doi: 10.1016/j.nlm.2019.107089


 Fitzgerald, M. K., Otis, J. M., and Mueller, D. (2016). Dissociation of β1- and β2-adrenergic receptor subtypes in the retrieval of cocaine-associated memory. Behav. Brain Res. 296, 94–99. doi: 10.1016/j.bbr.2015.08.030 

 Fuchs, R. A., Evans, K. A., Ledford, C. C., Parker, M. P., Case, J. M., Mehta, R. H., et al. (2005). The Role of the Dorsomedial Prefrontal Cortex, Basolateral Amygdala, and Dorsal Hippocampus in Contextual Reinstatement of Cocaine Seeking in Rats. Neuropsychopharmacology. Neuropsychopharmacology 30, 296–309. doi: 10.1038/sj.npp.1300579


 Galea, L. A. M., McEwen, B. S., Tanapat, P., Deak, T., Spencer, R. L., and Dhabhar, F. S. (1997). Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to chronic restraint stress. Neuroscience 81, 689–697. doi: 10.1016/S0306-4522(97)00233-9 

 Hare, G., Worrall, J., Baker, A. J., Liu, E., Sikich, N., and David Mazer, C. (2006). β 2 Adrenergic antagonist inhibits cerebral cortical oxygen delivery after severe haemodilution in rats. Br. J. Anaesth. 97, 617–623. doi: 10.1093/bja/ael238


 Harris, G., Altomare, K., and Aston-Jones, G. (2001). Preference for a cocaine-associated environment is attenuated by augmented accumbal serotonin in cocaine withdrawn rats. Psychopharmacology 156, 14–22. doi: 10.1007/s002130100693 

 Harris, G. C., and Aston-Jones, G. (1993a). Beta-Adrenergic Antagonists Attenuate Somatic and Aversive Signs of Opiate Withdrawal. Neuropsychopharmacology 9, 303–311. doi: 10.1038/npp.1993.66


 Harris, G. C., and Aston-Jones, G. (1993b). β-adrenergic antagonists attenuate withdrawal anxiety in cocaine-and morphine-dependent rats. Psychopharmacology 113, 131–136. doi: 10.1007/bf02244345


 Harris, G. C., and Aston-Jones, G. (2001). Augmented Accumbal Serotonin Levels Decrease the Preference for a Morphine Associated Environment During Withdrawal. Neuropsychopharmacology 24, 75–85. doi: 10.1016/S0893-133X(00)00184-6 

 Haubrich, J., Bernabo, M., and Nader, K. (2020). Noradrenergic projections from the locus coeruleus to the amygdala constrain fear memory reconsolidation. ELife, 9:e57010. doi: 10.7554/eLife.57010


 Hitchcock, L. N., and Lattal, K. M. (2018). Involvement of the dorsal hippocampus in expression and extinction of cocaine-induced conditioned place preference. Hippocampus 28, 226–238. doi: 10.1002/hipo.22826 

 Kampman, K. (2009). New medications for the treatment of cocaine dependence. Ann. Ist. Super. Sanita 45, 109–115. doi: 10.1126/sciadv.aax1532 

 Keiser, A. A., Turnbull, L. M., Darian, M. A., Feldman, D. E., Song, I., and Tronson, N. C. (2017). Sex Differences in Context Fear Generalization and Recruitment of Hippocampus and Amygdala during Retrieval. Neuropsychopharmacology 42, 397–407. doi: 10.1038/npp.2016.174 

 Kennedy, A. P., Epstein, D. H., Phillips, K. A., and Preston, K. L. (2013). Sex differences in cocaine/heroin users: Drug-use triggers and craving in daily life. Drug Alcohol Depend. 132, 29–37. doi: 10.1016/j.drugalcdep.2012.12.025 

 Kohtz, A. S., and Aston-Jones, G. (2017). Cocaine Seeking During Initial Abstinence Is Driven by Noradrenergic and Serotonergic Signaling in Hippocampus in a Sex-Dependent Manner. Neuropsychopharmacology 42, 408–418. doi: 10.1038/npp.2016.150 

 Lorenz, E., Moye, C., and Leong, K.-C. (2022). Paired housing or a socially-paired context decreases ethanol conditioned place preference in male rats. Brain Sci. 12:1485. doi: 10.3390/brainsci12111485 

 Lynch, W., Roth, M., and Carroll, M. (2002). Biological basis of sex differences in drug abuse: preclinical and clinical studies. Psychopharmacology 164, 121–137. doi: 10.1007/s00213-002-1183-2 

 Matus-Amat, P. (2004). The Role of the Dorsal Hippocampus in the Acquisition and Retrieval of Context Memory Representations. J. Neurosci. 24, 2431–2439. doi: 10.1523/JNEUROSCI.1598-03.2004 

 Meyers, R. A., Zavala, A. R., Speer, C. M., and Neisewander, J. L. (2006). Dorsal hippocampus inhibition disrupts acquisition and expression, but not consolidation, of cocaine conditioned place preference. Behav. Neurosci. 120, 401–412. doi: 10.1037/0735-7044.120.2.401 

 Otis, J. M., Fitzgerald, M. K., and Mueller, D. (2013). Inhibition of Hippocampal β-Adrenergic Receptors Impairs Retrieval But Not Reconsolidation of Cocaine-Associated Memory and Prevents Subsequent Reinstatement. Neuropsychopharmacology 39, 303–310. doi: 10.1038/npp.2013.187


 Otis, J. M., Fitzgerald, M. K., Yousuf, H., Burkard, J. L., Drake, M., and Mueller, D. (2018). Prefrontal Neuronal Excitability Maintains Cocaine-Associated Memory During Retrieval. Front. Behav. Neurosci. 12:119. doi: 10.3389/fnbeh.2018.00119 

 Otis, J. M., and Mueller, D. (2011). Inhibition of β-Adrenergic Receptors Induces a Persistent Deficit in Retrieval of a Cocaine-Associated Memory Providing Protection against Reinstatement. Neuropsychopharmacology 36, 1912–1920. doi: 10.1038/npp.2011.77 

 Otis, J. M., Namboodiri, V. M. K., Matan, A. M., Voets, E. S., Mohorn, E. P., Kosyk, O., et al. (2017). Prefrontal cortex output circuits guide reward seeking through divergent cue encoding. Nature 543, 103–107. doi: 10.1038/nature21376 

 Paxinos, G., and Watson, C. (2014). Paxinos and Watson’s the rat brain in stereotaxic coordinates. Academic Press.


 Pazos, A., Cortés, R., and Palacios, J. M. (1985). Quantitative autoradiographic mapping of serotonin receptors in the rat brain. II. Serotonin-2 receptors. Brain Res. 346, 231–249. doi: 10.1016/0006-8993(85)90857-1 

 Raybuck, J. D., and Lattal, K. M. (2014). Differential effects of dorsal hippocampal inactivation on expression of recent and remote drug and fear memory. Neurosci. Lett. 569, 1–5. doi: 10.1016/j.neulet.2014.02.063 

 Schwabe, L., Nader, K., Wolf, O. T., Beaudry, T., and Pruessner, J. C. (2012). Neural Signature of Reconsolidation Impairments by Propranolol in Humans. Biol. Psychiatry 71, 380–386. doi: 10.1016/j.biopsych.2011.10.028 

 Smith, R. J., and Aston-Jones, G. (2008). Noradrenergic transmission in the extended amygdala: role in increased drug-seeking and relapse during protracted drug abstinence. Brain Struct. Funct. 213, 43–61. doi: 10.1007/s00429-008-0191-3 

 Sofuoglu, M. (2000). Predictors of cardiovascular response to smoked cocaine in humans. Drug Alcohol Depend. 57, 239–245. doi: 10.1016/S0376-8716(99)00055-1 

 Turner, P. V., Sunohara-Neilson, J., Ovari, Jelena, Healy, A., and Leri, F. (2014). Effects of single compared with pair housing on hypothalamic-pituitary-adrenal axis activity and low-dose heroin place conditioning in adult male Sprague-Dawley rats. PubMed.


 Uchida, D., Yamashita, M., Kitano, T., and Iguchi, T. (2002). Oocyte apoptosis during the transition from ovary-like tissue to testes during sex differentiation of juvenile zebrafish. J. Exp. Biol. 205, 711–718. doi: 10.1242/jeb.205.6.711


 Venniro, M., Zhang, M., Caprioli, D., Hoots, J. K., Golden, S. A., Heins, C., et al. (2018). Volitional social interaction prevents drug addiction in rat models. Nat. Neurosci. 21, 1520–1529. doi: 10.1038/s41593-018-0246-6


 Waldrop, A. E., Price, K. L., DeSantis, S. M., Simpson, A. N., Back, S. E., McRae, A. L., et al. (2010). Community-dwelling cocaine-dependent men and women respond differently to social stressors versus cocaine cues. Psychoneuroendocrinology, 35, 798–806. doi: 10.1016/j.psyneuen.2009.11.005


 Wiltgen, B. J., Zhou, M., Cai, Y., Balaji, J., Karlsson, M. G., Parivash, S. N., et al. (2010). The hippocampus plays a selective role in the retrieval of detailed contextual memories. Curr. Biol. 20, 1336–1344. doi: 10.1016/j.cub.2010.06.068


 Woolley, C., Gould, E., Frankfurt, M., and McEwen, B. (1990). Naturally occurring fluctuation in dendritic spine density on adult hippocampal pyramidal neurons. J. Neurosci. 10, 4035–4039. doi: 10.1523/jneurosci.10-12-04035.1990


 Yagi, S., and Galea, L. A. M. (2018). Sex differences in hippocampal cognition and neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-018-0208-4


 Yang, D.-W., Pan, B., Han, T.-Z., and Xie, W. (2004). Sexual dimorphism in the induction of LTP: Critical role of tetanizing stimulation. Life Sci. 75, 119–127. doi: 10.1016/j.lfs.2003.12.004 

 Zakharova, E., Miller, J., Unterwald, E., Wade, D., and Izenwasser, S. (2009). Social and physical environment alter cocaine conditioned place preference and dopaminergic markers in adolescent male rats. Neuroscience 163, 890–897. doi: 10.1016/j.neuroscience.2009.06.068 

 Zhou, L., Pruitt, C., Shin, C. B., Garcia, A. D., Zavala, A. R., and See, R. E. (2013). Fos expression induced by cocaine-conditioned cues in male and female rats. Brain Struct. Funct. 219, 1831–1840. doi: 10.1007/s00429-013-0605-8



Copyright
 © 2024 Berry, Miller, Kelsen, Cockrell and Kohtz. 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-18-1379866-g005.jpg
#70s Po

01 2 3 4 5
Test 1 Preference

Day 24 Test1 Test2
condiioning
Conditioning M Day 5 Day 19
r cocaine o saine 10
preered side prened side
S0 minites Bominites SAC SAC
10AM 4 hours 2pM 2 week delay
¢ F " Cocaine Conditioned
Dentate Gyrus dHPC CA3 T Suh e
o Salino Condiloned - o Saline Condiioned :
£ 4o, © Cocane Conaones § 100, © Cocans Conaones
14 * * 4 * °
©604 o © N o
£ & 2 o
: 4 Z 40 B
o 2
A -]
] °
o 8 w olle
§ 0 tewt tenz § T Tenz
dHPC CA1 E  Female Correlations
© Saline Conditioned -0 DG;RZ=003p =056
$ 1o, © CocameCondionsd L k. GA3R043p-00%
k1 * * e~ CA1;R¥=0.51p=0013
& o =
s o0 o H
-
5 2
2 %






OPS/images/fnbeh-18-1379866-g006.jpg
Memory  Adrenergic Receptor dHC Fos+ Neurons
disguiciton: |'Q B2
o pl+p2
« cAz*
Retrieval Q B1 DG, CAT* CA3’
o B1+B2 DG*
Retention | @ 82 DG, CA1, CA3
d  B1+p2 DG CAT, CA3






OPS/images/fnbeh-18-1379866-g003.jpg
RETRIEVAL

[

ACQUISITION

[ BETAXOLOL - B1 ][ ICI 118,551 - B2 ] [ BET+ICI - B1+B2 ][ PROPRANOLOL
A B c D
© Vehicie (n=6) © Vehicle (n-6) © Venice ( © Vehice (n=
o Betaxoll (1=7) © 101118551 (1=7) o BET+10I (1=5) o Propranciol (1=8)
900 900 500
2 g 800 2 g 800 H . 2. 800 *
£ 10 o fbm £
* ° 5 600- 53 600. 5 o00.
: 25500 2550 Zosoq [0
PR i e T 11 £ wo
B & 300 & B £ 300. 8 & 300
2 820, el 2 8 200. 2 8ow. 28 200,
=< 100. H +© 100. +© 100, &6 00,
o o o o
e o5 Tl 1 Tetz a1 ez
(mjection) (2 Weeks, No ) (iecion) (@ Weeks Noln) (njecton) (2 Weeks, Noin) (njecion) (2 Weeks, No )
E E G H
o Venide (n=0 o Vehile (n=6) o Vehicie (1-6) .
o o 101116551 (1=6) o BETHCI (1-5) o Vetico (1-6)
o0 500 %0 o Proprancol
2.0 2, 00 2, 0. P
< & 100- £ 38 700 £ 870 * 28 *
Seonl B 2 82 o0 5% so0{ B * S3oif *
28 s ® T 28 s = 8. 5
ool TR 18 38 Ay I8 54 w0l T <8
32 a0 g B2 s &2 a0 B2
2 8 200 2820 28200 28
S 100. <8 100. 8 100. o| =
o o o o

Test 1 Test2
(njection) (2 Weeks, No Inj)

(o) (2 Weeks o)

Test 1 312
(njection) (2 Weeks, No In)

(pecton) (2 Wesra, o)





OPS/images/fnbeh-18-1379866-g004.jpg
Fos Postive Neurons at Retrieval

#Fos Positive Neurons at Retrieval

8

0

0

o

© Saline Conditioned
© Cocaine Conditioned

Test1 Test2

dHPC CA1

© Saline Conditioned

Fos Positive Neurons at Retrieval

Day 24 o Test 1 Test2
Conditioning e Day5 Day 19
a cocaine or saline 10
A‘\/ s ‘%\mm
refered s refered ide
5o minates 5 minetes SAC SAC
10AM 4 hours 2PM 2 week delay
c F
Dentate Gyrus dHPC CA3

© Saline Conditioned
© Cocaine Conditioned

- 07p=0644
© Cocaine Conditionod b CA3R?=005p=0821
hasd 81~ DGR-049p=0025
o o S .
20
00 |° &
20
% § "
o
Test 1 Test2 I

Preference Score





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sex differences in hippocampal β-adrenergic receptor subtypes drive retrieval, retention, and learning of cocaine-associated memories



		1 Introduction



		2 Methods



		2.1 Animals



		2.2 Dorsal hippocampus cannula implantation



		2.3 Drugs



		2.4 Conditioned place preference



		2.4.1 Chamber



		2.4.2 Habituation



		2.4.3 Conditioning



		2.4.4 Retrieval testing



		2.4.5 Learning



		2.4.6 Retention testing









		2.5 Transcardial perfusion



		2.6 Immunohistochemistry









		3 Results



		3.1 A single infusion of an antagonist targeting β1 and/or β2 ARs impaired cocaine contextual memory retrieval and retention in male rats



		3.2 Infusions of antagonists targeting β1 and/or β2 ARs impaired cocaine contextual memory learning and retention in male rats



		3.3 A single infusion of an antagonist targeting β1 ARs impaired retrieval, whereas antagonists to β2 ARs impaired retention, of contextual cocaine associated memories in female rats



		3.4 Infusions of antagonists targeting both β1 and β2 receptors impaired learning of contextual cocaine memories in female rats



		3.5 Fos + neurons in the dentate gyrus predicted contextual cocaine memories in male rats, whereas Fos + neurons in CA1 and CA3 predicted contextual cocaine memories in female rats









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnbeh-18-1379866-g001.jpg
Conditioned Place Preference Recall

oay1 L Day24 . Days Day15
H = : | tomn ook
= T S =
[r—— ot Tonananng o Reret
e b MR A o e e sae
Conditioned Place Preference Learning
oay1 Day24 a5 oay 15
f Ranl - e
abtuston ooy Coratones [ . o ecane s
e e e e s frr

Intrahippocampus Placement Checks: Recall

Sy -

AP 348

B Intrahippocampus Placement Checks: Learning

348 mm






OPS/images/fnbeh-18-1379866-g002.jpg
RETRIEVAL

ACQUISITION

[ BETAXOLOL-p1 [i ICI 118,551 - B2 [i BET+ICI-p1+p2 || PROPRANOLOL ]
B c D
o Vehicle (n=6) o Vehice (n=6) © Vehice (1=6) o Vonicio (1=6)
o Botaxool (1=7) o 11118551 (0-6) © Bote(Cl (-6) o Propranool (n=7)
900+ 900-
o g 600 o 800 N s
Sgeo{ig * Sgam 53
28 5o o B o A F
£§ w0 54 0. Y
& £ 300- B £ 300- ng
2 § 200 X ﬁ ﬁ 2§ 28
#1004 £8 00! :
o o
Tew1  Tewz et tenz Tt Tewz e Tenz
(njection) (2 Weeks, No ) (njecton) (2 Weeks, Noin) (ction) (2 Week, No ) (njecton) (2 Weeks, Noin)
F G H
o Vonicio (1-9) o Venice (1-0) o Vehido (1-0) ® Veticle (1-0)
o Bolaxobl (15) o (C1118551 (1=8) o Propranclol (1=8)
%00 900
g 80 o g 00 es
£ 10 o oo * o
5% o 5% 0] o gz
el s¥ o s
§9 w00 i £d 400. X =87 s
BE B a0 I
282 2 8 200. 13
=9 + O 100- FO
o 0.

stz
(edion) (2 Weeke. o)

Test 1
(ecton) (2 Weeks. o)

Test 1 es12
(njection) (2 Weeks, No Inj)

Test 1 Test2
(Injection) (2 Weeks, No Inj)





OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Sex differences in hippocampal
B-adrenergic receptor subtypes
drive retrieval, retention, and
learning of cocaine-associated
memories












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience






