
Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

382 Research article

0955-8810 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved. DOI: 10.1097/FBP.0000000000000628

Supplemental Digital Content is available for this article. Direct URL citations 
appear in the printed text and are provided in the HTML and PDF versions of this 
article on the journal’s website, www.behaviouralpharm.com.

Effects of 5-HT
2A

 receptor agonist 2,5-dimethoxy-4-
iodoamphetamine on alcohol consumption in Long–Evans 
rats
Michael D. Berquist and William E. Fantegrossi

The objectives of this study were to determine alcohol 
consumption after administration of (R)(-)-2,5-dimethoxy-
4-iodoamphetamine (DOI) or naltrexone in Long–Evans 
rats, and to assess the effectiveness of these treatments 
based on individual differences in alcohol consumption. 
Adult male Long–Evans rats (N = 16) were given 
opportunities to orally self-administer a 20% (v/v) 
ethanol (EtOH) solution using an intermittent access, 
two-bottle (vs. tap water) choice procedure in their 
home cages. EtOH consumption and preference, total 
fluid consumption and food intake were measured. 
Last, we assessed the effects of naltrexone (1 mg/
kg; subcutaneous) and (R)(-)-DOI (0.1–1 mg/kg; 
subcutaneous) on EtOH intake and preference using 
a quartile analysis. Rats showed stable EtOH (20%) 
intake and preference after 15 EtOH access sessions. 
Naltrexone produced a transient decrease in EtOH 
intake, but an inconsistent effect on EtOH preference, 
whereas DOI dose-dependently reduced EtOH intake and 
preference for at least 24 h. Subsequent quartile analyses 
revealed that rats with the highest EtOH intake during the 
first 60 min of access to EtOH showed greater reductions 

in EtOH intake and preference after DOI treatment. This 
is the first report to show that DOI-elicited reductions in 
EtOH intake and preference in rats depend on baseline 
EtOH intake, perhaps supporting a ‘baseline dependency’ 
hypothesis of effectiveness with phenethylamine 
psychedelics on EtOH consumption. If so, individuals 
with greater potential to develop severe AUDs may 
be particularly responsive to the positive motivational 
changes produced by treatment with psychedelics 
that target the 5-HT2 receptor family. Behavioural 
Pharmacology 32: 382–391 Copyright © 2021 Wolters 
Kluwer Health, Inc. All rights reserved.
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Introduction
Over 14 million adults aged 18 and older have an alco-
hol use disorder (AUD) in the United States (SAMHSA, 
2018), and over 90 000 people die annually from alco-
hol-related events (CDC, 2019). Earlier studies have 
implicated serotonergic dysfunction in mediating the 
pathophysiology of AUDs (reviewed in Sari et al., 2011), 
but current FDA-approved medications for AUDs, 
such as naltrexone, disulfiram and acamprosate, target 
a wide range of nonserotonergic systems (e.g. naltrex-
one is a µ-opioid receptor antagonist). Human studies 
have evaluated the effects of some serotonergics (e.g. 
selective serotonin reuptake inhibitors, such as fluoxe-
tine and sertraline, and the 5-HT

1A
 agonist buspirone) 

as adjunct treatments for AUDs (Bruno, 1989; Kranzler 
et al., 1995; Pettinati et al., 2001), but their clinical 
effectiveness varies, perhaps because of the relatively 
high rate of comorbid mood disorders, such as depres-
sion and posttraumatic stress disorder. Furthermore, 

approximately 25% of people with an AUD in the 
United States will relapse within 3 years of remission 
(Dawson et al., 2007). Together, the high prevalence 
and persistence of AUDs imply that novel treatments 
to attenuate alcohol intake and preference are urgently 
needed.

There is a renewed interest in using psychedelics for 
treating AUDs (Bogenschutz et al., 2015). Psychedelics 
may represent a unique treatment option for AUDs as 
their mind- and perception-altering effects seem to 
change the motivational properties of alcohol (i.e. crav-
ings and drug-seeking behaviors), rather than directly 
alter its rewarding or aversive properties (e.g. disulfiram 
increases the aversive effects of alcohol use by inhibit-
ing aldehyde dehydrogenase, which leads to an accu-
mulation of acetaldehyde and a dysphoric state in the 
drinker). Psychedelics may persistently attenuate alco-
hol abuse with a reduced frequency of administration, 
as compared to other pharmacotherapies for AUDs. A 
meta-analysis of six randomized controlled trials com-
prising a total of 536 participants reported that a single 
administration of lysergic acid diethylamide (LSD) is 
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associated with a decrease in alcohol abuse for at least 
6  months after administration (Krebs and Johansen, 
2012). These findings are supported by rodent studies 
in which male C57BL/6J mice injected with a single 
administration of 50  µg/kg LSD show reduced alcohol 
consumption and preference compared to saline-treated 
mice for at least 46 days after drug administration (Alper 
et al., 2018). Pharmacotherapeutics that require few 
administrations to induce lasting effects may offer many 
benefits to clients with AUDs, such as improved treat-
ment adherence, significantly less risk of developing 
dependence and in-person monitoring of any adverse 
reactions to the drug.

Earlier findings support a major role of the serotonin 
5-HT2 receptor family in mediating the unique neu-
ropsychological effects of psychedelics (reviewed in 
Nichols, 2016), and agonist activity at 5-HT2A has a 
critical role in producing the mind- and perception-al-
tering effects of psychedelics. Tryptamine psyche-
delics, such as LSD, psilocybin (prodrug for psilocin) 
and dimethyltryptamine, have garnered much interest 
for the treatment of substance use disorders. However, 
phenethylamine psychedelics, such as 3,4-methyl-
enedioxymethamphetamine (MDMA) [and possibly 
2,5-dimethoxy-4-iodoamphetamine (DOI)] may repre-
sent valuable tools to understand how manipulation of 
the serotonergic system may treat AUDs. Earlier stud-
ies show reductions in alcohol intake and preference in 
Wistar rats that received 0.1–0.3  mg/kg DOI (Maurel 
et al., 1999a), alcohol-preferring cAA rats that received 
0.3–3 mg/kg DOI (Maurel et al., 1999b), and Lewis rats 
that received 0.18–3.2 mg/kg DOI under a multiple or 
concurrent schedule of ethanol (EtOH) and food rein-
forcement (Ginsburg and Lamb, 2013). One study in 
Swiss–Webster mice showed that 3 mg/kg DOI reduced 
EtOH intake and preference for at least 24 h after the 
session began in high drinking mice (defined by median 
split), but DOI did not reduce EtOH intake or prefer-
ence in the low drinking mice group (Oppong-Damoah 
et al., 2019). However, no studies in rats have investi-
gated how individual differences in EtOH consumption 
may affect the apparent therapeutic effects of DOI. 
Moreover, no studies have examined the effects of DOI 
on EtOH consumption in the Long–Evans strain, which 
is a valuable model of alcohol use in two-bottle choice 
studies (e.g., Simms et al., 2008; 2010). Therefore, we 
investigated the relationship between the effective-
ness of DOI administration on alcohol consumption in 
Long–Evans rats with varying baseline levels of EtOH 
intake and preference.

Methods
Drugs
Ethyl alcohol 200 proof (Pharmco-AAPER, Brookfield, 
Connecticut, USA) was purchased from the pharmacy 
at UAMS. All EtOH concentrations are expressed as 

percentage volume/volume (v/v) and were dissolved in 
tap water. Naltrexone hydrochloride and DOI were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA). 
Naltrexone and DOI doses are expressed as weight of 
the salt, were dissolved in 0.9% physiological saline (nal-
trexone) or sterile water (DOI), and were administered 
via subcutaneous injection (subcutaneous) in a 1 ml/kg 
injection volume.

Subjects
Sixteen male Long–Evans rats (Charles River 
Laboratories Inc., Wilmington, Massachusetts, USA) 
aged 10–11 weeks old (346–436 g on arrival) were singly 
housed in polycarbonate cages (23.75 × 45.40 × 17.78 cm) 
in corncob bedding in an Association for Assessment and 
Accreditation of Laboratory Animal Care-accredited facil-
ity. The animal colony room was maintained at 22 ± 2 ºC 
and 45–50% humidity with lights set to a 10:14 h light–
dark cycle (lights on at 0600 h). Each cage contained a 
plastic tunnel and cotton nestlet for enrichment. While 
in their home cages, rats were given ad libitum access to 
food and water from two water bottles (except on EtOH 
access sessions, during which only one bottle contained 
water) that were each equipped with a spout containing 
a single metal ball to reduce spillage. Rats were given at 
least one week to acclimate to the housing conditions 
and handling procedures (e.g. daily weighing) upon 
arrival before experimental procedures began. All injec-
tions, cage changes and replacement of water bottles with 
EtOH bottles occurred during the animals’ light cycle. 
All experimental protocols were conducted in accord-
ance with the Guide for the Care and Use of Laboratory 
Animals (National Research Council, 2011) and approved 
by the Institutional Animal Care and Use Committee at 
the University of Arkansas for Medical Sciences.

Two-bottle choice procedure
Training procedures and drug administration
Rats were given opportunities to drink 20% EtOH 
using an intermittent access two-bottle choice proce-
dure in their home cages as described in earlier studies 
(Simms et al., 2008; 2010; Carnicella et al., 2009). EtOH 
access sessions occurred every Monday, Wednesday and 
Friday, and two water bottles (containing tap water) 
were available on intervening days and over the week-
ends. Water bottles were swapped with EtOH bottles 
during 0800–0900  h every MWF, and the EtOH bottle 
position alternated (either left or right) across access 
sessions to reduce the influence of a position bias. Rats 
always had ad libitum access to food. EtOH consump-
tion (ml), total fluid consumption (ml) and food intake 
(g) were measured before bottle access and 1, 4 and 24 h 
after access. Two empty cages with one water bottle and 
one EtOH bottle were included in all measurement 
assessments to estimate liquid spillage due to handling. 
The average amount of liquid lost from these two con-
trol bottles was subtracted from each of the two bottles 
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given to each rat (unless the difference between meas-
urements was zero or the subtracted amount would pro-
duce a negative value). After reaching a stable level of 
EtOH intake (defined as five consecutive EtOH access 
sessions in which the absolute percent change in EtOH 
intake across each session was ≤20%, with no increas-
ing or decreasing trend), rats were injected with saline 
(1 ml/kg; sc) 30 min before EtOH access and then given 

24 h to drink one of several concentrations of EtOH (5, 
10, 20 and 40% v/v) that were provided in an ascending 
sequence across access days to generate an EtOH con-
centration-effect curve. The training EtOH concentra-
tion (20% v/v) was reintroduced in between each of the 
other EtOH concentrations, according to the intermittent 
access schedule. Next, the effects of naltrexone (1 mg/
kg; subcutaneous; 30 min before EtOH access) on EtOH 

Fig. 1

Intermittent access to 20% ethanol (EtOH) in Long–Evans rats lead to an escalation in (a) EtOH intake (g/kg/24 h), reaching a stable, average 
EtOH intake of 5.19 g/kg/24 h, and (b) EtOH preference, reaching a stable, average EtOH preference of 47.89%. There was a statistically sig-
nificant decrease in water intake (open symbols) across EtOH access sessions, while EtOH intake (filled symbols) increased over time (c). Aside 
from a few instances in which total fluid intake differed between water days (open symbols) compared to EtOH days (filled symbols), there was 
no consistent difference in total fluid intake across two-bottle choice sessions (d). The values are expressed as mean EtOH intake (g/kg/24 h), 
preference (ratio of EtOH over total fluid intake), fluid intake (ml/kg/24 h), or total fluid intake (ml/kg/24 h) ± SE at each access session. Error bars 
are contained within the point for some data. *P < 0.05 compared to EtOH intake (c) or between the type of fluid at a specified two-bottle choice 
session (d) according to Holm–Šídák multiple comparisons tests. n = 14–16; on water days 1 and 2, the water bottles spilled water in 1–2 of the 
animals’ home cages, so their data on these days are omitted from (d). Numbers near symbols indicate the sample size.
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intake and preference were assessed over the complete 
EtOH concentration-effect curve. After naltrexone, 
the effects of DOI (0.1, 0.32 and 1  mg/kg; subcutane-
ous; 30 min before EtOH access) on 20% EtOH intake 
and preference were assessed. This initial dose-effect 
determination with DOI on 20% EtOH was intended 
to determine an effective DOI dose for additional study. 
However, during the phase of the study in which DOI 
was administered, over 90% of the rats showed a progres-
sive loss of fur along their dorsal surface and dermatitis. 
Rapid weight loss and polyuria were observed in the days 
that followed, and the study was therefore ended because 
of the apparent decline in animal welfare. A timeline of 
experimental and adverse events can be found in the 
Supplementary File, Supplemental digital content 1, 
http://links.lww.com/BPHARM/A65. It is noteworthy that 
one rat already showed signs of dermatitis upon arrival 
(which resolved after a few weeks of topical steroid treat-
ment) and that similar DOI doses (0.3–3 mg/kg; subcuta-
neous) from the same stock solution did not produce any 

adverse effects in a separate cohort of EtOH-naïve, male 
Sprague-Dawley rats tested in our laboratory (unpub-
lished findings).

Data analysis
All data are presented as means (±SE). Acquisition of oral 
self-administration of EtOH was quantified as the num-
ber of EtOH access sessions required for all rats to show 
a group mean EtOH intake (g/kg/24 h) that varied ≤20% 
for five consecutive days with no increasing or decreasing 
trend. The effects of saline and naltrexone on the EtOH 
concentration-effect curves for EtOH intake (g/kg/24 h), 
EtOH preference (%), food intake (g/kg/24 h), and total 
fluid intake (water + EtOH or water +water; ml/kg/24 h) 
were statistically analyzed using a two-factor repeat-
ed-measures analysis of variance (ANOVA) with EtOH 
concentration and drug treatment as the two factors. The 
naltrexone dose was chosen based on a previous two-bot-
tle choice study in Long–Evans rats that showed that 
1 mg/kg naltrexone reduced EtOH intake compared to 

Fig. 2

Naltrexone (1 mg/kg; subcutaneous) generally decreases EtOH intake during 0–60 min of EtOH access (a), but shows differential effects that 
varied by EtOH concentration during the 61–240 min (b) and 24 h cumulative (c) measurement periods using an intermittent access to EtOH 
(5–40%; v/v) drinking procedure in Long–Evans rats. Naltrexone administration also interacted with EtOH concentration to alter EtOH preference 
during the 0–60 min (d), 61–240 min (e) and 24 h (not cumulative) (f) measurement periods. The values are expressed as mean EtOH intake 
(g/kg) or (g/kg/h), or preference (ratio of EtOH over total fluid intake). *P < 0.05 naltrexone (filled symbols) compared to saline (open symbols) 
at each EtOH concentration according to Holm–Šídák multiple comparisons tests. n = 11–16; some subjects did not consume EtOH or water 
during an EtOH access measurement period, precluding computation of an EtOH preference. Numbers near symbols indicate the sample size. 
EtOH, ethanol.
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vehicle, but was not statistically different from the effects 
of 3 mg/kg naltrexone (Simms et al., 2008). The effects 
of DOI on these measures were only assessed with 20% 
EtOH. As such, a one-factor repeated-measures ANOVA 
where drug treatment served as the factor (saline and 
0.1, 0.32 and 1 mg/kg DOI) was conducted to compare 
drug treatment conditions. Naltrexone data were plot-
ted in the DOI dose-response curves to serve as a visual 
point of reference but were not included in the statisti-
cal analysis. DOI doses were chosen based on previous 
studies that reported DOI-induced reductions in EtOH 
intake and preference in rats (Maurel et al., 1999a; 1999b; 
Ginsburg and Lamb, 2013). Ordinary repeated-measures 
ANOVA cannot analyze data when values are missing, 
so in cases where repeated-measures data were missing 
(e.g. due to insufficient intake data to compute an EtOH 
preference), a mixed-effects model was used as imple-
mented in GraphPad Prism 9.0. The mixed model uses 
a compound symmetry covariance matrix and is fit using 
restricted maximum likelihood (GraphPad Software 
Inc.). The results of the mixed model analysis are inter-
preted like an ordinary repeated-measures ANOVA with 
no missing values. To assess individual differences, rats 
were assigned to quartiles (n = 4/quartile) based on EtOH 
intake (g/kg) during the first 60 min (‘loading phase’) of 
a two-bottle choice session prior to which they received 
a saline injection. Quartile assignments were kept con-
stant for all subsequent analyses with naltrexone and 
DOI pretreatments. Quartile (treated as a pseudo-in-
dependent variable) and drug treatment (saline, 1  mg/
kg naltrexone, and 0.1, 0.32 and 1  mg/kg DOI) served 
as factors in a two-factor ANOVA with one between-sub-
jects factor (quartile) and one within-subjects factor 
(drug treatment). Ethanol, food and water consumption 
data were compared after naltrexone and DOI admin-
istration in the quartile analyses to determine if these 
treatments affected EtOH, food and water consumption 
based on the rats’ baseline level of EtOH intake. The 
Geisser–Greenhouse correction was applied to all one- 
and two-factor ANOVAs with a repeated-measures fac-
tor. Following a statistically significant one- or two-factor 
ANOVA, Tukey’s or Holm–Šídák multiple comparisons 
tests were conducted to perform all pairwise comparisons 
or simple effects and simple main effects (in case of sta-
tistically significant interaction), respectively. Complete 
results for all statistical analyses can be found in the 
Supplemental File, Supplemental digital content 1, http://
links.lww.com/BPHARM/A65. The creation of graphs and 
statistical analysis was achieved using GraphPad (version 
9, La Jolla, California, USA). Statistical significance was 
declared at P < 0.05 for all analyses.

Results
Rats met the acquisition criterion after 15 EtOH access 
sessions or 5 weeks of intermittent EtOH access (Fig. 1a). 
Baseline EtOH intake computed as the average of the 
5 days in which the acquisition criteria were met 5.19 g/

kg/24 h. Fig. 1b shows that rats preferred water to EtOH 
in early access sessions but shifted to no preference for 
one fluid over the other by the 11th access session (aver-
age baseline EtOH preference  =  47.89%). Fig.  1c pre-
sents the water and EtOH intake (ml) across EtOH access 
sessions. There was a statistically significant interaction 
between fluid type (water and EtOH) and EtOH access 
session [F(4.73, 70.93) = 14.73, P < 0.001, η2

partial
 = 0.50], 

with a difference between water and EtOH intake on 
EtOH access sessions 1–5 (Fig.  1c). Fig.  1d shows the 
total fluid intake (water + water, or water + EtOH) across 
two-bottle choice session days. There was a statistically 
significant interaction between access day (water and 
EtOH) and choice session days [F(3.80, 55.54) = 6.06, P < 
0.001], although there was no consistent pattern in total 
fluid intake as a function of two-bottle choice sessions.

After the acquisition, rats were given access to varying 
concentrations of EtOH (5-40% v/v) to generate a com-
plete EtOH concentration-effect curve (Fig. 2). Rats first 
received pretreatment with saline (1  ml/kg; subcutane-
ous) at each EtOH concentration, and the EtOH concen-
tration curve was then redetermined after pretreatment 
with naltrexone (1 mg/kg; subcutaneous). Fig. 2a shows 
that naltrexone pretreatment reduced EtOH intake 
within the first 60 min of EtOH access compared to the 
saline main effect of treatment (naltrexone vs. saline): 
[F(1, 15) = 12.04, P < 0.005, η2

partial
 = 0.40]; a main effect 

of EtOH concentration: [F(2.02, 30.34) = 32.49, P < 0.001, 
η2

partial
  = 0.80]; and, a statistically significant interaction 

between treatment and EtOH concentration: [F(1.94, 
29.15)  =  18.98, P  <  0.001), η2

partial
  =  0.56]. There were 

no main effects of treatment on EtOH intake during 
the 61–240  min period (Fig.  2b) or at the 24  h (cumu-
lative) time point (Fig.  2c), but there were statistically 
significant interactions between treatment and EtOH 
concentration at both time points (see Supplementary 
File, Supplemental digital content 1, http://links.lww.
com/BPHARM/A65). There was a main effect of treat-
ment on EtOH preference at the 61–240 min time point 
[F(1, 15)  =  6.08, P  < 0.05] (Fig.  2e), in which naltrex-
one reduced EtOH preference compared to saline, but 
no main effect of treatment on EtOH preference at the 
60 min or 24 h time points (Fig. 2d, f). There were sta-
tistically significant treatment x EtOH concentration 
interactions on EtOH preference (Fig. 2d–f; see results 
in Supplementary File, Supplemental digital content 1, 
http://links.lww.com/BPHARM/A65). The effects of nal-
trexone on food intake and fluid intake are presented 
with the DOI pretreatment results below.

After the assessment of naltrexone pretreatment on 
EtOH intake and preference, rats received ascending 
doses of (R)(-)-DOI (0.1–1  mg/kg; subcutaneous) prior 
to each 20% EtOH access session. Several rats pre-
sented with a dermatitis condition during this time of 
the study. However, bodyweights, food intake, and water 
intake were unchanged for at least up to 24 h after the 

http://links.lww.com/BPHARM/A65
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1 mg/kg DOI pretreatment session (see Supplementary 
File, Supplemental digital content 1, http://links.lww.
com/BPHARM/A65), showing that the dermatitis condi-
tion did not significantly impact appetitive responding. 
One rat died within 24 h after receiving 1 mg/kg DOI, 
so its intake data after this dose are excluded from all 
analyses and plots. Fig.  3 shows that all three doses of 
DOI reduced EtOH intake by ~50% or greater com-
pared to saline during the 0–60  min (Fig.  3a) [F(2.58, 
37.84) = 24.43, P < 0.001] and 24 h cumulative (Fig. 3c) 
time points [F(1.74, 25.47)  =  19.45, P  <  0.001], while 
pretreatment with 1 mg/kg DOI reduced EtOH intake 
compared to 0.1  mg/kg DOI during the 61–240  min 
period [F(2.30, 33.70) = 4.09, P = < 0.025]. DOI reduced 
EtOH preference compared to saline at the 60  min 
(Fig. 3d) [F(2.48, 33.95) = 11.70, P < 0.001] and 24 h (not 
cumulative) time points (Fig. 3f) [F(2.15, 31.56) = 6.44,  
P < 0.005]. All three DOI doses shifted rats’ preference 
away from EtOH to water during the 60 min period, and 
1 mg/kg DOI produced a shift in preference for water for 

at least 24  h after EtOH access. There were no differ-
ences in EtOH preference between saline and any DOI 
dose during the 61–240  min period (Fig.  3e); however, 
0.1  mg/kg DOI differed from 1.0  mg/kg DOI [F(1.34, 
16.12) = 5.10, P < 0.05].

DOI pretreatment reduced food intake at both the 
60 min (Fig. 4a) [F(2.58, 37.88) = 6.23, P < 0.005] and 24 h 
cumulative (Fig. 4c) time points [F(2.12, 31.03) = 57.09, 
P < 0.001], while there were no differences in food intake 
between saline and any DOI dose during the 61–240 min 
period (Fig. 4b); although, 1.0 mg/kg DOI reduced food 
intake compared to 0.1 mg/kg DOI [F(2.18, 31.93) = 4.11, 
P< 0.025]. Last, no difference in total fluid intake between 
any doses of DOI and saline occurred at the 60 min time 
point (Fig. 4d), but 0.32 mg/kg DOI reduced total fluid 
intake compared to saline and 0.1 mg/kg DOI at the 24 h 
cumulative point (Fig.  4f) [F(1.82, 26.70)  =  3.76, P  < 
0.05]. Aside from the 0.32 mg/kg DOI dose at the 24 h 
cumulative time point, DOI did not appear to reduce all 

Fig. 3

2,5-Dimethoxy-4-iodoamphetamine (DOI; 0.1–1 mg/kg; subcutaneous) decreases 20% EtOH intake during the 0–60 min (a) and 24 h cumula-
tive (c) measurement periods, but not the 61–240 min measurement period (b). DOI administration reduces EtOH preference during both the 
0–60 min (d) and 24 h period (f), and the largest dose of DOI reduces EtOH preference for at least 24 h after ethanol access (f). DOI did not 
affect EtOH preference during the 61–240 min period (e). S, saline (open circles), NTX = 1 mg/kg naltrexone (filled circles), and DOI is indicated 
by dose (filled diamonds). *P < 0.05 compared to saline, #P < 0.05 compared to 0.1 mg/kg DOI, and P < 0.05 compared to 1 mg/kg DOI 
according to Tukey’s multiple comparisons tests. n = 12–16; some subjects did not consume either fluid, precluding computation of an EtOH 
preference. In addition, one animal died within 24 h after 1.0 mg/kg DOI, so its data are omitted from all plots and analyses. EtOH, ethanol.
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appetitive responses, as rats still consumed water during 
DOI administration periods. Total fluid intake increased 
after 0.1 mg/kg and 0.32 mg/kg DOI compared to saline 
during the 61–240 min period [F(2.40, 35.26) = 6.61, P < 
0.005) (Fig. 4e).

A quartile analysis revealed that rats with an initially 
higher level of EtOH intake after saline pretreatment 
and during the 0–60 min period of EtOH access (rats in 
the 4th quartile) showed greater reductions after DOI 
pretreatment compared to their EtOH intake after saline 

Fig. 4

DOI administration produced a persistent decrease in food intake across measurement periods (a, b, c) with effects lasting for at least 24 h. DOI 
administration did not reduce total fluid intake during the 0–60 min period (d), increased total fluid intake during the 61–240 min period (e), and 
0.32 mg/kg DOI reduced total fluid intake at the 24 h cumulative measurement period (f); abbreviations and indications of statistical significance 
as in Fig. 3.

Table 1 Results of quartile analyses

Ethanol intake (ml) after first 60 min of access

Quartile Saline NTX 0.1 DOI 0.32 DOI 1.0 DOI

1 0.36 (0.09) 0.27 (0.05) 0.26 (0.04) 0.05 (0.05) 0 (0)
2 0.76 (0.06) 0.52 (0.05) 0.63 (0.16) 0.41 (0.18) 0.05 (0.05)
3 1.06 (0.08) 0.68 (0.10) 0.58 (0.04) 0.16 (0.06) 0.35 (0.14)*
4 1.56 (0.06) 0.66 (0.14) 0.60 (0.23) 0.33 (0.08)* 0 (0)*

Cumulative ethanol (ml) intake after 24 h of access

Quartile Saline NTX 0.1 DOI 0.32 DOI 1.0 DOI

1 1.31 (0.36) 0.93 (0.15) 1.35 (0.35) 0.52 (0.10) 0.32 (0.06)
2 5.21 (0.99) 3.88 (1.03) 4.37 (0.69) 3.44 (1.37) 3.09 (1.72)
3 5.09 (0.44) 6.12 (1.02) 2.79 (0.24) 1.86 (0.64) 2.00 (0.52)
4 6.36 (0.73) 5.50 (0.80)* 4.34 (1.07) 2.73 (0.84)*# 1.06 (0.80)*

Data presented as group mean (SE). Rats were assigned to quartiles according to ethanol intake after the first 60 min of EtOH access and saline pretreatment. n = 4/
quartile except n = 3 in quartile 4 for 1.0 DOI.
DOI, 2,5-dimethoxy-4-iodoamphetamine; EtOH, ethanol; NTX, naltrexone.
*P < 0.05 vs. saline.
#P < 0.05 vs. NTX within a quartile, according to Holm–Šídák multiple comparisons tests.
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pretreatment at the 60 min (interaction: [F(12, 59) = 4.31, 
P < 0.001]) and 24 h (cumulative) time points (interac-
tion: [F(12, 47) = 2.53, P < 0.025]) (Table 1; full statistical 
results in Supplementary File, Supplemental digital con-
tent 1, http://links.lww.com/BPHARM/A65). Ethanol intake 
data for the 61–240 min period were not included in any 
quartile analysis because there were no differences in 
intake or preference between any DOI dose and saline 
(Fig. 3b, e). Similarly, there were no statistically signifi-
cant interactions between quartile and treatment in any 
other measure (Supplementary File, Supplemental digi-
tal content 1, http://links.lww.com/BPHARM/A65).

Discussion
This is the first report to demonstrate that the pheneth-
ylamine psychedelic DOI reduces EtOH intake and 
preference for at least 24 h after administration in Long–
Evans rats. These findings are consistent with earlier 
studies that found that 0.3  mg/kg DOI reduced 10% 
EtOH (v/v) preference in Wistar rats during a 30 min oral 
EtOH self-administration procedure in operant cham-
bers (Maurel et al., 1999a), and that 0.3 mg/kg and 3 mg/
kg DOI reduced 10% EtOH (v/v) intake and preference 
during a 12 h two-bottle choice procedure in alcohol-pre-
ferring cAA rats (Maurel et al., 1999b). However, Maurel 
et al. (1999b) reported that DOI did not affect food 
intake, whereas we observed a reduction in food intake 
after all DOI doses that persisted for at least 24 h after 
DOI administration. This discrepancy may be due to the 
difference in EtOH concentration (10 vs. 20%), experi-
mental procedures (e.g. duration of EtOH access during 
training and test sessions), strain of rat, or a combination 
of these factors. Nevertheless, the Long–Evans rats in 
this study and the cAA rats used by Maurel et al. (1999b) 
both showed little effect of DOI on fluid intake, which 
suggests that DOI may specifically reduce EtOH intake 
and preference (but not all appetitive responses) under 
different experimental conditions, perhaps suggesting a 
targeted, ‘anti-EtOH’ effect of DOI. These findings pro-
vide additional support for a possible role of the seroto-
nin 5-HT2 receptor family in reducing drug-maintained 
responding.

Naltrexone is one of three FDA-approved medications 
for AUDs, and it is often used in rodent EtOH studies as 
a positive control for reducing EtOH intake. We found 
that naltrexone reduced EtOH intake, and at certain 
EtOH concentrations and time points, naltrexone also 
reduced preference in Long–Evans rats, which is consist-
ent with an earlier two-bottle choice study that showed 
that 0.3–3  mg/kg naltrexone reduced EtOH intake in 
Long–Evans rats when tested 30 min after administration 
(Simms et al., 2008). We also found a comparable decrease 
of approximately 40% in EtOH intake from control after 
1 mg/kg naltrexone during the first 60 min of 20% EtOH 
access in this study and the report by Simms et al. (2008). 
Notably, DOI administration reduced 20% EtOH intake 

compared to saline control by over 80% during the first 
60  min of EtOH access and shifted fluid preference 
toward the water for at least 24  h, whereas naltrexone 
only had a marginal effect on EtOH preference. These 
data provide initial evidence that DOI and other psych-
edelics may alter motivational aspects of alcohol reward 
and abuse, such as choice (e.g. shifting a preference from 
EtOH to other, healthier reinforcers).

Direct comparisons between the psychedelics, like DOI, 
and naltrexone should be made with caution (and may 
not be particularly helpful, in any case) given the sig-
nificant pharmacological differences between drugs and 
their intended uses for treating AUDs. Naltrexone is a 
µ-opioid receptor antagonist that is well-tolerated and 
generally safe for at least 6 months of use in liver-healthy 
individuals for the treatment of AUDs (Balldin et al. 2003). 
The extended-release injectable suspension of naltrex-
one (Vivitrol; Alkermes Inc., Wilmington, Ohio, USA) 
may also offer greater medication adherence and prolong 
time to relapse compared to the standard oral formula-
tion of naltrexone (Leighty and Ansara, 2019). In contrast, 
the 5-HT

2
 receptor family is considered the primary site 

of pharmacological action for the psychedelics, and their 
psychological effects are substantially different from 
those produced by standard AUD pharmacotherapeutics, 
such as naltrexone. Although clinical data with pheneth-
ylamine psychedelics lack for the treatment of AUDs and 
other substance use disorders, individuals seeking treat-
ment for substance use disorders typically receive <2–3 
total administrations of a tryptamine psychedelic, such 
as LSD, for alcohol dependency problems (reviewed 
in Krebs and Johansen, 2012) or psilocybin for nicotine 
smoking cessation (Johnson et al., 2014). As such, it is 
generally understood that tryptamine psychedelics may 
be most useful as occasional adjunct medications to add 
to an existing treatment program for AUDs. Additional 
research is necessary to determine if phenethylamines 
produce clinical effects similar to the tryptamines.

A quartile analysis of EtOH intake and preference in 
this study revealed that rats with the highest EtOH 
intake during the first 60  min of EtOH access showed 
the greatest reductions in EtOH intake after DOI (or nal-
trexone) administration compared to their own baseline 
levels of EtOH intake. These findings are generally con-
sistent with an earlier study by Oppong-Damoah et al. 
(2019) in which a high alcohol-preferring subset of male 
Swiss–Webster mice injected with 3  mg/kg DOI and 
given opportunities to consume 20% EtOH in a two-bot-
tle choice procedure showed reduced EtOH intake and 
preference 24 h after EtOH access, whereas DOI admin-
istration had no effect on EtOH intake or preference in 
a low alcohol-preferring subset of mice. Increased sensi-
tivity to DOI’s effects on EtOH intake and preference 
among rodents with a high baseline level of EtOH intake 
could be related to rate dependence (Dews, 1977), which 
describes a pattern (usually an inverse relationship in 
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behavioral pharmacological studies) between a base-
line rate of behavior and the change in that behavior 
after some intervention, such as drug administration. 
However, contrary to an increase in lower baseline levels 
of responding engendered by contingencies of reinforce-
ment that would be predicted by a rate dependence anal-
ysis, rats with an initially lower baseline level of EtOH 
intake in the present study did not increase their intake 
after naltrexone or DOI. Rather, rats in quartiles 1–3 
either showed a decrease or no change in EtOH intake or 
preference after DOI administration. Moreover, a more 
appropriate term to describe the relationship between 
baseline EtOH intake and subsequent responsivity to 
DOI observed in the present study may be ‘baseline 
dependency’ because there is no clear ‘response rate’ 
datum or manipulation of reinforcement contingency 
with the two-bottle choice procedures. Future oral EtOH 
self-administration studies conducted in rodent oper-
ant conditioning chambers may provide additional sup-
port for a baseline dependency explanation, as well as 
rate dependency, given the added experimental control 
over reinforcement contingencies and operanda, such as 
lickometers, possible in the operant conditioning cham-
ber environment. Future studies that provide analy-
ses of individual differences in drug intake before and 
after some intervention may reveal divergent clusters of 
phenotypes within a sample of subjects that each may 
respond better to some treatments over others based on 
their initial level of response output. Similarly, whether 
DOI is more potent or more effective in rats with higher 
baseline, EtOH intake is not easily discerned from the 
pattern of results here reported.

There are several limitations of the present study. First, it 
is possible that the differences here highlighted between 
naltrexone and DOI in the quartile analyses could be 
dose-limited, in addition to the aforementioned differ-
ences in pharmacological mechanisms of action between 
these drugs. We chose to administer a single dose of nal-
trexone, as opposed to generating a complete naltrexone 
dose-effect curve, because the 1 mg/kg naltrexone dose 
effectively reduced EtOH intake in Long–Evans rats in 
an earlier two-bottle choice study, and there was no sta-
tistical difference between 1 mg/kg and 3 mg/kg naltrex-
one, the largest tested dose, on EtOH intake (Simms et 
al., 2010). Nevertheless, it is possible that larger naltrex-
one doses could produce larger decreases in EtOH intake 
and preference than what was observed in the present 
study. Future two-bottle choice studies that include nal-
trexone as a positive control should consider determin-
ing a complete naltrexone dose-effect function for EtOH 
intake and preference as part of the experimental design.

A second limitation to the present study is that nal-
trexone and DOI may have reduced EtOH intake and 
preference by altering the taste of EtOH, rather than 
the motivation, per se, to consume EtOH. Oral, unadul-
terated EtOH serves as a relatively ‘weak’ reinforcer in 

rodents and its unique taste likely plays an important role 
in its reinforcing properties. Another important factor to 
consider for choice studies with oral EtOH is the availa-
bility of concurrent reinforcers. For example, Ginsburg 
and Lamb (2014) reported that a selective effect of DOI 
for reducing responding for EtOH over food might not 
be maintained if food access is concurrently available 
with EtOH in an operant chamber environment. Indeed, 
we found that DOI administration produced a persistent 
decrease in both food and EtOH intake over the 24 h of 
access, but with an increase in water consumption, under 
a two-bottle choice environment in the animals’ home 
cages. It is noteworthy that Maurel et al. (1999b) did not 
detect an effect of 3 mg/kg DOI on food intake using a 
two-bottle choice arrangement that is similar to the pres-
ent study, whereas Ginsburg and Lamb (2014) found an 
almost complete suppression of responding for food after 
3.2 mg/kg DOI in rats responding in an operant condi-
tioning chamber environment. These discrepancies may 
be due to the aforementioned strain differences (cAA rats, 
Lewis rats, Long–Evans rats), differences in experimen-
tal procedures and response requirements (i.e. two-bottle 
choice in home cages vs. responding under multiple or 
concurrent schedules of reinforcement in operant con-
ditioning chambers), or some interaction between these 
variables. Regardless of these discrepancies, rats in the 
present study showed no major impact on total fluid 
intake and a decrease in EtOH intake and preference 
after DOI administration, despite a persistent decrease 
in food consumption. Future studies that compare vari-
ous EtOH self-administration procedures (e.g. two-bottle 
choice, EtOH-maintained responding in operant cham-
bers, alcohol deprivation effect models) may shed light 
on the critical experimental variables that predict the 
specificity of drug treatment on EtOH intake.

A final limitation is the unexpected presentation of a 
dermatitis condition that appeared within days after 
DOI administration in the majority of rats that served 
in the present study, which precluded us from testing 
a dose of DOI against a full EtOH concentration-effect 
curve. Accordingly, it remains unknown how the effects 
of DOI on EtOH consumption vary based on the unit 
concentration of EtOH. Nevertheless, the skin condition 
did not appear to affect appetitive responding or body-
weights in rats during testing with DOI (Supplementary 
File, Supplemental digital content 1, http://links.lww.com/
BPHARM/A65), suggesting that the condition did not 
interfere with the accuracy of the EtOH intake data for 
at least 24 h after 1 mg/kg DOI administration. Moreover, 
the more substantial decrease in animal welfare was not 
observed until approximately 10–11 days after the final 
24 h measurement.

Conclusion
There is a renewed interest in the use of psychedelics 
for the treatment of substance use disorders and other 
mental health conditions. The present study extends the 
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findings of earlier studies that support a potential role of 
phenethylamine psychedelics, such as DOI, in reducing 
the positive motivational properties of alcohol. We are the 
first to report that a single administration of DOI reduces 
EtOH intake and preference for at least 24 h after admin-
istration in Long–Evans rats. In addition, DOI produced 
the largest reduction in EtOH intake and preference 
in Long–Evans rats with the highest baseline levels of 
EtOH consumption, perhaps supporting a ‘baseline 
dependency’ explanation for these findings. Elucidating 
the mechanisms by which psychedelics reduce alcohol 
intake and preference and targeting the use of these 
compounds in subpopulations of individuals with AUDs 
and comorbid conditions may hold great promise for new 
treatment strategies for AUDs.
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