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Abstract

Benzodiazepines and SSRIs are considered as standard treatment options for anxiety and 

depression, hallmarks of Post-Traumatic Stress Disorder (PTSD), although their use is often 

limited by adverse effects. While promising evidence emerged with β-adrenergic receptor (β-AR) 

antagonists (or ‘β-blockers’) and PTSD relief, efficacy issues dampened the excitement. However, 

we believe it is premature to completely eliminate a beneficial role of β-blockers. Our previous 

work has suggested that social defeat (SD) results in anxiety-like and depression-like behaviors in 

rats. Here, using the SD paradigm, we examined the effect of several β-adrenergic receptor 

antagonists (propranolol, nadolol, bisoprolol) on these behaviors in rats. Following 

acclimatization, Sprague-Dawley rats received no treatment (for control groups) or treated with; 

propranolol (50 mg/kg/day in water), or nadolol (18 mg/kg/day in rats’ chow), or bisoprolol (15 

mg/kg/day in water). The treatment lasted for 36 days, following which rats were subjected to SD/

control exposures (1 week). Later, anxiety-like and depression-like behaviors, social interaction 

and learning-memory function tests were conducted. SD rats exhibited anxiety- and depression-

like behavior as well as learning-memory impairment. Propranolol and nadolol protected SD rats 

from exhibiting anxiety-or depression-like behaviors. Bisoprolol treatment did not mitigate SD-

induced behavioral impairments in rats. Nadolol, propranolol or bisoprolol have no effect in 
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attenuating SD-induced memory function tests. These results suggest that certain ‘β-blockers’ 

have the potential to mitigate the negative psychological effects of traumatic events.
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1. Introduction

Traumatic experiences are often reported to cause post-traumatic stress disorder (PTSD) [1–

3]. Benzodiazepines and SSRIs are considered as standard treatment options [4]. Although 

clinically useful, their use can also produce serious side effects [5]. Thus, there remains an 

important need for improving PTSD treatment, and finding preventive pharmacological 

interventions. Promising evidence has emerged from studies reporting that administration of 

a non-selective β-adrenergic receptor (β-AR) antagonist, propranolol, which blocks 

epinephrine/norepinephrine signaling [4], may also offer PTSD relief [6]. Furthermore, 

propranolol was proven to be effective in eliminating stage fright [7], improving anxiety-

related cognitive dysfunction [8], and in reducing emotional arousal [9]. However, in a 

double-blind study with propranolol and atenolol, positive effects were not observed in 

phobic subjects [10]. Animal studies also reported mixed results on the usefulness of 

propranolol in PTSD [11]. Thus, methodological limitations of the studies and efficacy 

issues have dampened the excitement [12, 13].

However, it is premature to disregard the role of β-AR antagonists in PTSD treatment, 

especially considering their beneficial role in the treatment of numerous psychiatric ailments 

including anxiety disorders [14–18], schizophrenia [19], autism [20], aggression [21], and 

various forms of fearful behaviors [7, 22–26]. It is also important to note that β-AR blockers 

are relatively safe drugs that are taken by hundreds of millions daily for a myriad of 

diseases/disorders ranging from cardiovascular disorders such as hypertension, heart failure 

and angina, to glaucoma and migraines. However, a consensus on the potential usefulness of 

β-ARs cannot be reached as a comprehensive screening of different β-adrenergic receptor 

antagonists on various conditions including anxiety, depression and cognitive impairment, is 

lacking. The rodent model of stress/trauma from social defeat (SD) [27–29] provides a 

reasonable paradigm to examine effect of different β-adrenergic receptor antagonists on 

PTSD-relevant behaviors. The SD model resembles societal stress in humans and represents 

an ethologically valid stressor, as it induces long-lasting physiologic and behavioral changes 

[30]. Rodent exhibit increased anxiety-like and depression-like behaviors, impaired memory, 

social avoidance, and decreased locomotor and exploratory activity following consecutive 

social defeat exposures [31–33]. Using the SD model of stress, we asked two important 

questions; first, whether propranolol, nadolol, or bisoprolol treatments exert protective effect 

on stress-induced anxiety-, depression-like behaviors and memory impairments? And, what 

is the degree and extent of protective effect, if any, on anxiety-, depression-like behaviors 

and learning-memory functions? Second, is there any response selectivity or superiority of 

efficacy amongst three different beta-blockers, propranolol, nadolol and bisoprolol? We 

focused on these three beta-blockers because propranolol is a lipophilic non-selective β1-AR 
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and β2-AR antagonist which crosses the blood-brain barrier (BBB) easily; nadolol is also a 

non-selective β1-AR and β2-AR antagonist, but very hydrophilic and crosses the BBB to a 

considerably lesser extent than propranolol [34, 35]. Bisoprolol has both lipid and water-

soluble properties and thus some BBB permeability, but is the most selective β1-AR 

antagonist in clinical use.

Our previous work has suggested that social defeat (7 days of repeated stress) results in 

anxiety-like and depression-like behaviors in rats [36, 37]. Here, using the social defeat 

paradigm, we examined the effect of β-AR antagonists, propranolol, nadolol, and bisoprolol, 

on these behaviors in rats. Male Sprague Dawley rats were treated with either propranolol, 

nadolol, or bisoprolol or with normal food and water for 36 days. Following treatment, the 

rats were subjected to 7 days of SD. After conclusion of the SD protocol, the effect of the 

different beta-blockers was examined using a variety of established behavioral tests.

2. Methods

2.1. Animals

All experiments were conducted in accordance with the NIH guidelines for the use of 

experimental animals and approved animal protocol by the Institution Animal Care and Use 

Committee (IACUC). Male Long-Evans retired breeders (400–500 g) and male Sprague 

Dawley (275–300 g) rats were purchased from Harlan (Indianapolis, IN). Upon arrival at the 

animal housing facility, rats were randomly selected, grouped in cages and acclimatized for 

one week before any treatment. Rats were housed in plastic cages (14×18×18 inches) and 

kept in a room on a 12h light/dark cycle at 23°C, 60% humidity, with food and tap water 

available ad libitum.

2.2. Experimental Design

Rats were assigned randomly into eight groups (n=8–12 per group). 1. Control (CON), 2. 

Nadolol (NAD), 3. Propranolol (Prop), 4. Bisoprolol (BIS), 5. Social defeat (SD), 6. Nadolol 

with social defeat (NAD-SD), 7. Propranolol with social defeat (Prop-SD), 8. Bisoprolol 

with social defeat (BIS-SD). After acclimatization for 7 days, CON and SD rats received 

regular rat chow and tap water ad libitum. Nadolol and NAD-SD groups received nadolol-

mixed rat chow (18 mg/kg/day) and tap water ad libitum for 36 days. Propranolol and Prop-

SD groups received standard rat chow and propranolol-treated water (50 mg/kg/day) ad 
libitum for 36 days. Bisoprolol and BIS-SD groups received bisoprolol treated water (15 

mg/kg/day) and standard rat chow ad libitum for 36 days. Following 36 days of treatment, 

groups 5–8 were subjected to 3 social defeat exposures daily for 7 days, while rats in CON, 

Prop, NAD, and BIS groups were handled gently in a similar room. Following conclusion of 

social defeat protocol, rats were subjected to different rodent behavior tests as described 

below. At first light-dark (LD) test was conducted followed by elevated plus-maze (EPM) 

test, conducted on the same day with a rest period of 2h between the two tests. Forced swim 

test (FST), social interaction (SI), Short-term memory (STM) and long-term memory (LTM) 

were conducted over a period of 4 days with one test per day. The experimental design is 

summarized in Fig. 1B.

Zaidi et al. Page 3

Neurosci Lett. Author manuscript; available in PMC 2021 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3. Drug Treatment

Nadolol was mixed with rat chow (18 mg/kg/day), propranolol (50 mg/kg/day) and 

bisoprolol (15 mg/kg/day) were dissolved in water, separately. Body weight and the amount 

of food and water consumed by rats in each cage were measured daily. Propranolol 

hydrochloride was obtained from Sigma Aldrich (cat # P0084), nadolol and bisoprolol were 

also obtained from Sigma Aldrich (nadolol cat # N1892, bisoprolol cat # 50787). The doses 

and route of administration were chosen based on previous studies in rodents [38–41]. In 

previous work, these compounds have produced significant cardiovascular changes (such as 

decreases in heart rate and/or blood pressure) in rats. Furthermore, the authors have reported 

dosing regimens between 14 days and 42 days with comparable and consistent changes in 

respiratory and inflammatory parameters in murine models of asthma [42–45]. The 

difference of whether the drug was placed in chow or the drinking water was for consistency 

with these published studies. The bioavailability and half-life of all 3 drugs make them 

suitable for oral administration. Both methods of drug delivery (through drinking water and 

chow) are comparable means of achieving oral administration, since they would be subject 

to the same metabolic pathways, including the first pass effect through the liver.

2.4. Social Defeat Paradigm

The social defeat model was originally developed by Miczek [46], it is a widely accepted 

rodent model of PTSD [27, 28, 47, 48]. The model involves aggressive encounters between a 

large Long-Evans (LE) male rat (resident) and a smaller Sprague-Dawley male rat (intruder). 

The social defeat paradigm consists of 3 encounters between an aggressive male LE rat 

(resident) and the Sprague-Dawley male rat (intruder), daily for 7 consecutive days. Each 

session lasts for 30 min. Notably, each day, the intruder encounters different LE resident rat. 

Social defeat is indicated by the intruder surrendering or acquiring a supine position for ~5s. 

Once the intruder rat is defeated, a perforated plexiglass partition is placed inside the cage to 

prevent direct physical contact between the LE and intruder preventing injury from 

persistent attacks while allowing visual, auditory and olfactory interactions for the remainder 

of the 30-min session. Control rats were placed behind the plexiglass partition in a fresh 

cage for 30 min daily in the absence of the resident rat. The social defeat apparatus is 

illustrated in Fig.1A.

2.5. Anxiety-like behavior tests

2.5.1. Light/dark (LD) test—The LD apparatus consists of two compartments; a light 

compartment (27 X 27 X 27 cm) and a dark compartment (27 X18 X 27 cm), connected 

through a single opening (7 X 8 cm) between the two compartments. The rats were placed 

individually in the light compartment and their movements between the two compartments 

were recorded for 5 minutes. Less time spent in the lit area is an indication of anxiety-like 

behavior [49].

2.5.2. Elevated plus maze (EPM) test—The EPM apparatus consists of two open and 

two closed arms (10 X 50 cm) that intersects to create a plus shape. The EPM apparatus is 

elevated from the floor by 100 cm. The rats were placed individually in the middle between 

the four arms. Within the 5-minute test duration, rat’s movement between the arms and the 
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time spent in each arm were recorded. Less time spent in open arms is an indicator of 

anxiety-like behavior [49].

2.6. Social interaction (SI) test

The social interaction apparatus consists of three-compartments connected via sliding 

partitions. The middle compartment (25 X 35 X 35 cm) is the habituation compartment. The 

other two end compartments (25 X 50 X 35 cm) contained a wire cup. A naïve novel 

Sprague Dawley male rat, from a different litter, was placed under one of the wire cups and 

the second cup was left empty. The test consisted of two sessions: habituation session and 

sociability session. During the habituation session, the test rat was placed in the middle 

empty compartment for 5 minutes for habituation. In the second “sociability” session, the 

test rat encountered a novel rat in one compartment and an empty cup in the other 

compartment. The sociability session lasted for 10 minutes. The time spent sniffing and 

interacting with each cup, the time spent in each compartment, and the number of entries 

into each compartment were recorded. Normal sociability in rats is indicated by their 

preference to spend more time interacting with another rat (novel) rather than with the empty 

cup [50–52].

2.7. Depression-like behavior test - forced swim test (FST)

The apparatus consists of a cylindrical Plexiglas tank (24 cm in diameter and 30 cm in 

height) filled with water (25 °C). The rats were placed individually in the tank and their 

mobility was recorded for 5 minutes. After struggling in water for some time, the rats 

assume an immobile posture. Longer immobility time in the water is an indication of 

depression-like behavior [27].

2.8. Memory Function Tests

Radial Arm Water Maze (RAWM) Test-—The standard RAWM procedures were 

performed as published previously by us [27, 47, 49]. RAWM is a black circular pool filled 

with water at room-temperature, with six V-shaped arms, which creates six swim paths from 

one open central area. Experiments were performed in a dimly lit room. The test began with 

12 practice trials. The purpose of the practice trials was to help the rat learn and memorize 

the location of the platform. Each rat was randomly assigned a goal arm, which contains a 

hidden black platform near the end of the arm. The rats were released at an arm other than 

the goal arm, and the rat must swim and locate the platform, which is submerged about 1 cm 

under the water. The rats were allowed a maximum time of 1 minute for each learning trial 

or memory test. An error was counted when the rat’s entire body enters more than halfway 

into an arm other than the goal arm. An error was also counted if the rat’s entire body enters 

more than half of the goal arm but fails to approach the platform. The number of errors 

ranged from 1 to 7 as the rat can swim into 7 arms within 1 minute. If the rat failed to locate 

the platform within 1 minute, the rat was manually guided to the platform and was scored 

with 7 errors. Once the rat reached the platform, the rat was allowed 15 seconds sitting time 

on the platform before the next trial began. STM was conducted 30 min after the last 

practice trial, and LTM was conducted 24 h after conclusion of STM.
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2.9. Data Analysis

Data are expressed as mean ±SEM. Significance was determined by one-way ANOVA 

applying Tukey’s post-hoc test (GraphPad Software, Inc. San Diego, CA). Furthermore, 

Two-tailed t test was applied for comparing between two groups. For the social interaction 

analysis two-way ANOVA statistics was conducted. For all other behavioral measurements 

included in Fig. 2, 3 and 5, one-way ANOVA and t test were used. A value of P< 0.05 was 

considered significant. All data sets passed when subjected to normality tests using 

Kolmogorov-Smirnov and Shapiro-Wilk analysis using GraphPad Prism® to justify use of 

ANOVA analysis.

3. Results

3.1 General body parameters:

Daily food and water intake were measured in all rats. All groups consumed comparable 

amounts of food. CON: 19±1.12 g/day, SD: 20±1.76 g/day, Prop-SD: 20±0.86 g/day, NAD-

SD: 19.4±0.91 g/day, BIS-SD: 22±0.55 g/day. Water intake also remained unchanged in all 

groups with each group consuming 34–52 ml water per day. Body weight gain also was 

comparable in all groups CON: 301±7.5 g, SD: 295±5.0 g, Prop-SD: 305±4.0, NAD-SD: 

308±6.2, BIS-SD: 298±6.0 (Table 1). Thus, no significant changes were observed in total 

weight gain, food intake or water intake.

3.2 Analysis of Anxiety-like behavior:

In light/dark (LD) test, one-way ANOVA following Tukey’s multiple comparison test was 

performed. Furthermore, t test was performed to analyze the statistical difference between 

the two groups. SD rats spent significantly less time in the lit area as compared to CON rats 

( SD:39.79 ± 7.16 sec, CON: 67.50 ± 7.96 sec, t(41)= 2.52, p= 0.0157 ) (Fig. 2A, B, and C), 

suggesting that SD rats exhibited anxiety-like behavior, less time spent in the lit area of the 

LD apparatus during a 5-min session is indicative of high anxiety-like behavior [53]. 

Interestingly, rats treated with propranolol before social defeat spent significantly greater 

time in lit area as compared to social defeat rats (Prop-SD: 78.54 ± 6.92 sec; SD: 39.79 ± 

7.16 sec, t(30)= 3.72, p= 0.0008). Notably, rats treated with propranolol alone spent similar 

time in lit area as compared to CON rats (Prop: 71.50 ± 5.06 sec; CON: 67.50 ±7.96 sec, 

t(28)= 0.24, p= 0.808) (Fig. 2A). Similarly, rats treated with nadolol before social defeat 

spent significantly greater time in lit area as compared to social defeat rats (NAD-SD: 84.63 

± 8.54 sec, SD: 39.79 ± 7.16 sec, t(25)= 3.62, p= 0.0013). Notably, rats treated with nadolol 

alone spent similar time in lit area as compared to CON rats (NAD: 66.17 ± 4.81 sec; CON: 

67.50 ± 7.96 sec, t(28)= 0.82, p= 0.935) (Fig. 2B). However, pretreatment with bisoprolol 

did not improve the time spent in lit area by BIS-SD rats (BIS-SD: 33.33 ± 10.53 sec; SD: 

39.79 ± 7.16 sec, t(26)= 0.51, p= 0.615). Notably, rats treated with bisoprolol alone spent 

similar time in lit area as compared to CON rats (BIS: 67.50 ± 7.96 sec; CON: 67.50 ± 7.96 

sec, t(28)= 0.00, p= 1.000) (Fig. 2C).

In the elevated-plus maze test (EPM), one-way ANOVA following Tukey’s multiple 

comparison test was performed. Additionally, t test was performed to analyze the statistical 

difference between each two groups. SD rats spent significantly less time in the open arms 
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of the EPM apparatus when compared to CON rats (SD: 44.50 ± 4.14 sec; CON: 80.50 ± 

4.42 sec, t(22)= 5.19, p< 0.0001) (Fig. 2D, E, and F). Less time spent in the open arms 

during a 5-min session of EPM test is an indicative of high anxiety-like behavior [53]. 

Interestingly, the time spent in the open arms by Prop-SD rats was significantly greater than 

SD rats (Prop-SD: 77.63 ± 5.89 sec, SD: 44.50 ± 4.14 sec, t(14)= 4.60, p=0.0004). Rats 

treated with propranolol alone spent similar time in open arms as compared to CON rats 

(Prop: 74.13 ± 6.47 sec; CON: 80.50 ± 4.42 sec, t(22)= 0.82, p= 0.419) (Fig. 2D). Similarly, 

rats in NAD-SD group spent significantly longer time in open arms when compared to SD 

rats (NAD-SD: 72.13 ± 4.58 sec, SD: 44.50 ± 4.14 sec, t(14)= 4.47, p=0.0005). Rats treated 

with nadolol alone spent similar time in open arms as compared to CON rats (NAD: 75.00 ± 

6.37 sec; CON: 80.50 ± 4.42 sec, t(22)= 0.71, p= 0.4839) (Fig. 2E). However, pretreatment 

with bisoprolol did not improve the time spent in open arms by BIS-SD rats (BIS-SD: 40.25 

± 4.41 sec; SD: 44.50 ± 4.14 sec, t(14)= 0.71, p= 0.494). Notably, rats treated with 

bisoprolol alone spent similar time in open arms as compared to CON rats (BIS: 69.13 ± 

4.63 sec; CON: 80.50 ± 4.42 sec, t(22)= 1.600, p= 0.1227) (Fig. 2F).

3.3 Analysis of depression-like behavior:

In the forced swim test (FST), one-way ANOVA following Tukey’s multiple comparison test 

was performed. Additionally, t test was performed to analyze the statistical difference 

between each two groups. SD rats spent significantly longer time being immobile when 

compared to CON rats (SD: 93.80 ± 12.25 sec; CON: 53.17 ± 9.73 sec, t(25)= 2.50, p= 

0.0193) (Fig. 3A, B, C), a sign of increased depression like behavior [53]. Interestingly, 

immobility time exhibited by Prop-SD rats was significantly less than SD rats (Prop-SD: 

51.44 ± 13.09 sec; SD: 93.80 ± 12.25 sec; t(29)= 2.36, p= 0.0255), suggesting that 

pretreatment with propranolol protected against depression-like behavior induced by SD. 

Notably, rats treated with propranolol alone spent longer time being immobile in FST as 

compared to CON rats, however, the difference was insignificant (Prop: 78.88 ± 4.21 sec; 

CON: 53.17 ± 9.73 sec, t(18)= 2.06, p= 0.054) (Fig. 3A). Similarly, rats in NAD-SD group, 

spent significantly less time being immobile as compared to SD rats (NAD-SD: 29.89 ± 5.86 

sec; SD: 93.80 ± 12.25 sec, t(22)= 3.855, p= 0.0009), suggesting that pretreatment with 

nadolol protected the rats from the detrimental effect of social defeat on depression-like 

behavior. Remarkably, CON rats and NAD rats spent comparable time being immobile in 

FST test (NAD: 72.25 ± 8.05 sec; CON: 53.17 ± 9.73 sec, t(18)= 1.40, p= 0.179) (Fig. 3B). 

On the other hand, rats in BIS-SD group and SD group spent similar time being immobile 

(BIS-SD: 95.89 ± 11.71 sec; SD: 93.80 ± 12.25 sec; t(22)= 0.114, p= 0.910), suggesting that 

bisoprolol did not protect the rats from the detrimental effect of social defeat in forced swim 

test (Fig. 3C).

3.4. Analysis of social interaction:

In social interaction test, two-way ANOVA was used to compare between each two groups. 

While t-test was used to analyze the difference between the interaction time with empty cup 

versus the interaction time with novel rat in the same group. The CON rats spent (91.14 ± 

6.68 sec) interacting with the empty cup and (200.28 ± 15.59 sec) interacting with the novel 

rat (p< 0.0001). While SD rats spent (65.00 ± 11.53 sec) interacting with the empty cup and 

(104.12 ± 10.80 sec) interacting with the novel rat (p< 0.05) (Fig. 4A, B, and C). The 
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preference for interaction with the novel rat rather than the empty cup was significantly less 

in SD rats, when compared to CON rats (F(1,13)= 34.61, p<0.0001). The results suggest that 

SD affected the high sociability behavior in rats. Interestingly, the preference for interaction 

with the novel rat (210.88 ± 14.90 sec) rather than the empty cup (84.25 ±12.48, p<0.0001) 

was significantly greater in Prop-SD (210.88 ± 14.9 0 sec) as compared to SD rats (104.12 ± 

10.80 sec, F(1,13)= 34.86, p<0.05). Rats treated with propranolol showed significant 

preference to interact with novel rat (173.00 ± 13.47 sec) rather than the empty cup (66.21 ± 

7.02) (p<0.0001). (Fig. 4A). Similarly, rats in NAD-SD group showed greater preference to 

interact with novel rat (200.30 ± 15.59 sec) rather than the empty cup (74.71 ±14.13, 

p<0.0001) when compared to SD rats (104.1 ± 10.80 sec, F(1,13)= 11.97, p= 0.004). ). Rats 

treated with nadolol alone showed significant preference to interact with novel rat (127.00 ± 

13.35 sec) rather than the empty cup (66.14 ± 7.55) (p<0.01) (Fig. 4B). Unexpectedly, 

nadolol treated rats showed less preference to interact with novel rat (127.00 ± 13.35 sec) 

when compared to CON rats (200.28 ± 15.59 sec, p<0.001) (Fig. 4B). On the other hand, the 

preference of BIS-SD treated rats to interact with novel rat (133.43 ± 19.40 sec) rather than 

the empty cup (91.14 ± 6.68 sec, p<0.05), were comparable to the SD group (interacting 

with novel rat= 104.12 ± 10.80 sec, F(1,13)= 3.56, p> 0.05) (Fig. 4C). Though, rats treated 

with bisoprolol showed significant preference to interact with novel rat (171.7 ± 10.08 sec) 

rather than the empty cup (83.43 ± 12.43 sec, p<0.00). The data suggests that pretreatment 

with the non-selective β-blockers; propranolol and nadolol, protected the rats from social 

defeat associated social interaction deficits.

3.5 Analysis of learning-memory function:

Short-term memory (STM) and long-term memory (LTM) function tests were conducted in 

the RAWM apparatus. For statistical analysis, one-way ANOVA followed by Tukey’s 

multiple comparison test was performed. Furthermore, t-test were performed to analyze the 

statistical difference between each two groups. In STM test, rats in SD group made more 

errors as compared CON rats (CON:1.87 ± 0.29; SD: 5.00 ± 0.57, t(14)= 4.89, p=0.0002) 

(Fig. 5A, B, C), suggesting that exposure to social defeat altered STM. However, treatment 

with beta-blockers did not affect the SD-induced short-term memory impairment. For 

example, rats treated with propranolol before SD sessions (Prop-SD) made comparable 

errors in STM as compared to SD rats that did not receive treatment (Prop-SD: 4.37 ± 0.59, 

SD: 5.00 ± 0.57, t(14)=0.76, p=0.4). Notably, rats treated with propranolol alone made 

similar errors as CON group (CON:1.87 ± 0.29; Prop: 2.25± 0.41, t(14)= 0.74, p= 0.47) 

(Fig. 5A). Similarly, rats treated with NAD followed by SD made comparable errors as 

compared to SD rats (NAD-SD: 5.00 ± 0.46, SD: 5.00 ± 0.57, t(14)= 0.00, p= 1.00). 

Remarkably, rats treated with nadolol alone made similar errors as CON group (CON:1.87 ± 

0.29; NAD: 2.25± 0.41, t(14)= 0.074, p= 0.471) (Fig. 5B). Rats treated with BIS followed by 

SD made comparable errors as compared to SD rats (BIS-SD: 4.00 ± 0.82, SD: 5.00 ± 

0.57,t(14)= 1.00, p= 0.334). While rats treated with bisoprolol alone (without SD) made 

similar errors as CON rats (CON:1.87 ± 0.29; BIS: 2.12± 0.29, t(14)=0.59, p= 0.558) (Fig. 

5C).

In long-term memory (LTM) test, rats in SD group made more errors as compared CON rats 

(CON:1.00 ± 0.50; SD: 4.88 ± 0.88, t(14)= 3.84, p= 0.0018) (Fig. 5D, E, F) suggesting that 
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exposure to social defeat altered LTM. However, treatment with beta-blockers did not affect 

the SD-induced long-term memory impairment. For example, rats treated with propranolol 

before SD sessions (Prop-SD) made comparable errors in LTM as compared to SD rats that 

did not receive treatment (Prop-SD: 4.00 ± 0.76, SD: 4.88 ± 0.88, t(14)= 0.76, p= 0.462). 

Notably, rats treated with propranolol alone made similar errors as CON group (CON:1.00 ± 

0.50; Prop: 2.67± 0.67, t(12)= 0.205, p= 0.0635) (Fig. 5D). Similarly, rats treated with NAD 

followed by SD made comparable errors as compared to SD rats (NAD-SD: 3.88 ± 0.85, 

SD: 4.88 ± 0.88, t(14)= 0.82, p= 0.527). Remarkably, rats treated with nadolol alone made 

similar errors as CON group (CON:1.00 ± 0.50; NAD: 2.40± 0.67, t(11)= 1.77, p= 1.105) 

(Fig. 5E). Rats treated with BIS followed by SD made comparable errors as compared to SD 

rats (BIS-SD:4.25 ± 0.59, SD: 4.88 ± 0.88, t(14)= 0.59, p= 0.563). While rats treated with 

bisoprolol alone (without SD) made similar errors as control rats in LTM test (CON:1.00 ± 

0.50; BIS: 2.17± 0.31, t(12)= 1.82, p= 0.0931) (Fig. 5F). The memory function tests data 

suggested that social defeat caused STM and LTM deficits in rats, however, pretreatment 

with bet-blockers did not protect rats from SD-induced memory impairment.

4. Discussion

β-adrenergic receptor antagonists or ‘β-blockers’ are competitive pharmacologic inhibitors 

of catecholamine actions. The first-generation β-blockers, such as propranolol and nadolol, 

produce equal blockade of β1 and β2 adrenergic receptors. The second-generation agents 

exhibit higher affinity for β1 receptors and are thus termed selective β1-blockers. The extent 

of selectivity of these agents, including metoprolol, bisoprolol, and atenolol, varies [54]. 

However, the selectivity of β-blockers varies by compounds, with bisoprolol having the 

highest selectivity for β1ARs among the clinically available β1-AR antagonists [55]. Aside 

from their receptor selectivity, β-blockers also vary in their lipophilicity and ability to cross 

the blood-brain barrier (BBB). In the 3 compounds we used, propranolol has high BBB 

penetration, nadolol has very low BBB penetration, and bisoprolol has intermediate ability 

to cross the BBB.

We observed an attenuation of social defeat-induced anxiety-like behavior with propranolol 

and nadolol treatment, but not with bisoprolol. The finding that social defeat increases 

anxiety-like behavior is consistent with previous studies conducted in both mice and rats 

[29, 36, 56–58]. The data suggests that the anxiety-like behavior-mitigating effect was only 

produced by the non-selective β1-AR and β2-AR antagonists, propranolol and nadolol. The 

failure of bisoprolol, a highly preferential β1-AR antagonist, to attenuate the social defeat-

induced anxiety suggest a potential role for β2-ARs in mediating the anxiety response. The 

fact that propranolol treatment mitigated social defeat-induced anxiety-like behavior also is 

in agreement with a previous report in which stress-induced anxiety-like behavior and c-Fos 

activation were prevented by propranolol pretreatment in a social defeat model in mice [59], 

although propranolol treatment and social defeat protocols were different from the present 

study. Similarly, propranolol and nadolol but not bisoprolol treatment mitigated social 

defeat-induced depression-like behavior as well as social interaction in rats, again suggesting 

a potential role for β2-ARs in mediating the anxiety response. Stress-induced depression-like 

behavior has been reported to be reversed by beta-blockers in several rodent studies [60] and 

several lines of evidence suggest the involvement of β-blockers in the pathophysiology of 
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depression [61]. Additionally, rats treated with propranolol alone exhibited insignificant 

increase in immobility time in FST as compared to CON rats. This observation may be 

attributed perhaps to propranolol’s high lipophilic characteristics, and greater blood-brain 

barrier permeability. Prolonged treatment with propranolol (36 days) by decreasing 

noradrenaline release, might cause fatigue, which is potentially reflected by slight increase 

in immobility time in this group of rats. Furthermore, rats treated with nadolol alone also 

showed reduction in time of interaction with novel rat as compared to CON rats, which also 

might be due to prolonged nadolol treatment on the peripheral β-adrenergic receptors. 

Therefore, the regimen for propranolol and nadolol treatment might need some adjustment 

in future studies.

Given their large differences in their lipophilic properties, an unexpected finding in our 

study is the comparable effectiveness of nadolol and propranolol in attenuating the 

behavioral impairments. These results would imply a possible role for peripheral (non-CNS) 

β2-ARs in mediating anxiety and depression like responses. However, this finding remains 

speculative as it is likely some nadolol crossed the BBB at the doses used. Nevertheless, it 

would seem unlikely that both drugs achieved comparable blockade on central β2-ARs, yet 

both were of equal effectiveness.

While anxiety-and depression-like behavior as well as social interaction test results obtained 

in the present study were intriguing, the learning-memory function analysis conducted in the 

RAWM test, were quite surprising. The SD rats exhibited significant learning-memory 

deficits but neither propranolol, nor nadolol or bisoprolol had any mitigating effect on 

learning-memory function in rats. There are reports suggesting norepinephrine (NE) is a 

modulator of attention processes [62], especially visuo-spatial attention [63–65]. Therefore, 

blockade of NE by any of the ‘β-blockers’ could disrupt attention-promoting processes [66]. 

Interestingly, Prop-SD and NAD-SD rats committed as many if not more errors as SD rats in 

the RAWM test which measures spatial memory and working memory. This also might 

imply that working memory which is considered vital for reasoning and decision-making 

[67] is not modulated by β-blockers and hence may not be protected or improved with β-

blocker treatment. Interestingly, propranolol and nadolol treatment without SD do not impair 

these processes in the STM and LTM tests in the RAWM apparatus, as all groups (CON, SD, 

Prop, NAD and BIS) made comparable errors. Perhaps, in the absence of stress-induced 

hyper-responsiveness of adrenergic signaling, β-blockade does not modify adrenergic 

signaling and therefore does not elicit a behavioral response. It may be hypothesized that 

prior treatment of propranolol and nadolol prevented recall of social defeat-induced fearful 

and traumatic memories thus inhibiting expression of anxious and melancholic emotional 

responses, without affecting declarative and/or spatial/working learning-memory process.

Conclusion

Clinically, in individuals who have already suffered from PTSD, propranolol and/or nadolol 

may not be as effective in disrupting fearful memory reconsolidation processes, as 

permanent erasure or weakening of a longstanding fear memory by beta-blockers seems 

unlikely. However, there is the potential of these drugs to perhaps be administered before 

exposure of a potentially traumatic event in the high-risk careers of defense forces, airline 
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and other industries. Studies have argued that targeting memory reconsolidation period is 

unlikely to work considering that only weak and recently formed memories are susceptible 

to erasure [68–70]. This pilot study was conducted to see if the drugs could meet the ‘lower 

bar’ of prevention, as many drugs have failed because the pharmacological intervention was 

started after too much damage had already occurred (for example, this late intervention has 

been hypothesized a major contributor for the failure of several Alzheimer’s therapies. If 

these observations hold up under further study, future experiments will test the potential of 

the drugs as a treatment for established PTSD. Given that beta-blockers are very well studied 

and safe in the majority of patients, and have no abuse potential, we think it is imperative to 

examine their preventive therapeutics. Detailed time-courses and neurobehavioral 

pharmacology studies will address the mechanistic consequences of beta-adrenergic receptor 

blockade.
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Highlights

• Propranolol and nadolol protected SD rats from exhibiting anxiety-or 

depression-like behaviors.

• Bisoprolol treatment did not mitigate SD-induced behavioral impairments in 

rats.

• Nadolol, propranolol or bisoprolol have no effect in attenuating SD-induced 

memory function tests.

• Certain ‘β-blockers’ have the potential to mitigate the negative psychological 

effects of traumatic events.

Zaidi et al. Page 15

Neurosci Lett. Author manuscript; available in PMC 2021 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1: Illustration of the social defeat apparatus and schematic representation of the 
experimental design:
Social defeat apparatus consists of a Plexiglas cage layered with standard rat bedding. A 

perforated Plexiglas sheet is used as a partition to separate between the resident and the 

intruder rats following social defeat (A). An aggressive male LE rat considered as a resident 

(panel#1, A) is met with a Sprague-Dawley male rat considered as an intruder (panel#2, A). 

This leads to aggressive behavior with the resident rat pouncing over the intruder rat 

resulting in social defeat (panel#3, A). After defeat, a perforated plexiglass partition is 

placed inside the cage to prevent direct physical contact between the LE and intruder for the 

remainder of the 30-min session (panel#4, A). Rats were assigned into 8 groups, n=8–12 rats 

per group. Groups: Control (CON), Social defeat (SD), Propranolol (Prop), Nadolol (NAD), 

Bisoprolol (BIS), Propranolol with social defeat (Prop-SD), Nadolol with social defeat 

(NAD-SD), and Bisoprolol with social defeat (BIS-SD). After acclimatization for 7 days, 

CON and SD rats received regular rat chow and tap water ad libitum. Rats in NAD and 

NAD-SD groups received nadolol-mixed rat chow (18 mg/kg/day) and tap water ad libitum 
for 36 days. Rats in Prop and Prop-SD group received standard rat chow and propranolol-

treated water (50 mg/kg/day) ad libitum for 36 days. Rats in BIS and BIS-SD group received 

bisoprolol treated water (15 mg/kg/day) and standard rat chow ad libitum for 36 days. 

Following 36 days of drugs treatment, four groups were subjected to 3 social defeat 

exposures daily for 7 days, while the control rats did not. After conclusion of social defeat 

protocol, rats were subjected to different rodent behavior tests (B).
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Fig 2. Examination of anxiety-like behavior:
Total time spent in the lit compartment in light-dark (LD) test (A, B, and C), and in the open 

arms in the elevated plus maze (EPM) test (D, E, and F) was used to measure anxiety-like 

behavior. Group designations: rats not subjected to social defeat (CON: control); rats 

subjected to social defeat (SD); rats treated with propranolol alone (Prop), rats treated with 

propranolol and then subjected to SD (Prop-SD), rats treated with nadolol (NAD), rats 

treated with nadolol and then subjected to SD (NAD-SD), rats treated with bisoprolol (BIS), 

rats treated with bisoprolol and then subjected to SD (BIS-SD). (*) Indicates significantly 

different from CON, P<0.05. (#) Indicates significantly different from SD, P<0.05. ($) 

Indicates significantly different from Prop, NAD, or BIS, P<0.05. Data were analyzed using 

one-way ANOVA for comparison between all the groups, and t-tailed t test for comparison 

between each two groups. Bars represent means ± SEM, n =8–12 rats/group.
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Fig. 3: Examination of depression-like behavior:
Total immobility time in the Forced swim test (FST) was used to examine depression-like 

behavior in rats. Group designations: rats not subjected to social defeat (CON: control); rats 

subjected to social defeat (SD); rats treated with propranolol alone (Prop), rats treated with 

propranolol and then subjected to SD (Prop-SD), rats treated with nadolol (NAD), rats 

treated with nadolol and then subjected to SD (NAD-SD), rats treated with bisoprolol (BIS), 

rats treated with bisoprolol and then subjected to SD (BIS-SD). (*) Indicates significantly 

different from CON, P<0.05. (#) Indicates significantly different from SD P<0.05. Data were 

analyzed using one-way ANOVA for comparison between all the groups, and t-tailed t test 

for comparison between each two groups. Bars represent means ± SEM, n =8–12 rats/group.
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Fig. 4: Examination of social interaction behavior using the three-compartment paradigm test.
Bars represent the time the rats spent interacting with the novel rat or with the empty cup in 

seconds (sec) ± SEM. Group designations: rats not subjected to social defeat (CON: 

control); rats subjected to social defeat (SD); rats treated with propranolol alone (Prop), rats 

treated with propranolol and then subjected to SD (Prop-SD), rats treated with nadolol 

(NAD), rats treated with nadolol and then subjected to SD (NAD-SD), rats treated with 

bisoprolol (BIS), rats treated with bisoprolol and then subjected to SD (BIS-SD). (*) 

Indicates significantly different from CON, P<0.05. (#) Indicates significantly different than 

from SD, P<0.05. ($) Indicates significantly different from Prop, NAD or BIS, P<0.05. Data 

were analyzed using two-way ANOVA test. Bars represent means ± SEM, n =8–12 rats/

group.
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Fig. 5: Examination of memory function:
Number of errors made in the short-term memory (STM) test (A, B, and C) and long-term 

memory (LTM) test (D, E, and F) examined in radial arm water maze (RAWM) apparatus. 

Group designations: rats not subjected to social defeat (CON: control); rats subjected to 

social defeat (SD); rats treated with propranolol alone (Prop), rats treated with propranolol 

and then subjected to SD (Prop-SD), rats treated with nadolol (NAD), rats treated with 

nadolol and then subjected to SD (NAD-SD), rats treated with bisoprolol (BIS), rats treated 

with bisoprolol and then subjected to SD (BIS-SD). (*) Indicates significantly different from 

CON, ($) Indicates significantly different from corresponding bet-blocker treatment, P<0.05; 

Data were analyzed using one-way ANOVA for comparison between all the groups, and t-

tailed t test for comparison between each two groups. Bars represent means ± SEM, n =8–12 

rats/group.
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Table 1.
Examination of general body parameters.

Daily food intake, water intake, and body weight was measured in all groups. Abbreviations: Propranolol 

(Prop), Nadolol (NAD), Bisoprolol (BIS). Group designations: rats not subjected to social defeat (CON: 

control); rats subjected to social defeat (SD); rats treated with propranolol and then subjected to SD (Prop-

SD), rats treated with nadolol and then subjected to SD (NAD-SD), rats treated with bisoprolol and then 

subjected to SD (BIS-SD).

CONTROL SOCIAL 
DEFEAT (SD)

PROPRANOLOL + SD NADOLOL + SD BISOPROLOL + SD

DAILY FOOD INTAKE (g) 19±1.12 20±1.76 20±0.86 19.4±0.91 22±0.55

DAILY WATER INTAKE 
(ml)

34±2.42 34.5±2.11 45±1.12 40±3.22 52±1.02

BODY WEIGHT GAIN (g) 301±7.5 295±5.0 305±4.0 308±6.2 298±6.0
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