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A B S T R A C T

Adolescence is marked by neurodevelopmental changes that increase reward sensitivity, risk-taking, and 
behavioural control challenges, heightening the risk of alcohol use and dependence. Alcohol’s impact on resting- 
state functional connectivity (RSFC) may explain this risk, though comparisons to adulthood remain limited. This 
study examined age-related differences in the association between RSFC and alcohol use severity in rats that 
initiated low or high voluntary alcohol consumption during adolescence or adulthood. Forty-two male rats were 
selected based on their alcohol consumption levels after two months of exposure: adolescent (PND42) onset low 
(N = 12) and high drinking (N = 7) rats, and adult (PND77) onset low (N = 11) and high drinking (N = 12) rats. 
RSFC was measured 4–10 days after exposure ceased, and group-ICA identified networks. Permutation tests 
assessed associations between onset age and use severity on RSFC. Low drinking was associated with increased 
RSFC within the salience network compared to high drinking. High adolescent onset alcohol consumption was 
associated with increased Default Mode Network (DMN) connectivity relative to low use. Connectivity in this 
area was generally stronger in adult compared to adolescent onset groups. An age group effect was observed, 
with overall higher DMN-thalamic connectivity in adult versus adolescent onset rats. In conclusion, high 
adolescent alcohol use was associated with increased DMN connectivity compared to low use, potentially 
reflecting altered self-referential processing or withdrawal susceptibility in adulthood. In adult-onset rats, the 
observed increases in DMN and DMN-thalamic connectivity may reflect developmental differences rather than 
alcohol exposure. These findings highlight the need for further research on DMN connectivity and its role in AUD 
risk and resilience, particularly regarding adolescent alcohol use, and the inclusion of a control group without 
alcohol access to better isolate the effects of alcohol consumption.

1. Introduction

Adolescence marks a period of neurodevelopmental change, 
encompassing normative increases in reward sensitivity and risk-taking 
behavior, alongside challenges in behavioral control. This is suggested 

to increase adolescents’ risk of developing an Alcohol Use Disorder 
(AUD) [12,24]. Currently, there is limited evidence directly testing the 
differential impact of alcohol use during adolescence versus adulthood, 
as well as exploring the effects of low versus high alcohol consumption. 
The purpose of the present study was to investigate age-related effects 
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on the association between resting-state functional connectivity (RSFC) 
and alcohol use severity in rats that initiated low or high voluntary 
alcohol consumption during adolescence or adulthood.

Resting-state functional connectivity measures correlated sponta
neous activity between brain regions, which form functional networks 
[63]. During adolescent development, relative early maturation of the 
salience network (SN) is thought to relate to increases in sensitivity to 
rewards and risk-taking behaviour [46]. By contrast, the executive 
control network (ECN) is developing more protractedly throughout 
adolescence [2,20]. This imbalance is thought to contribute to adoles
cents’ increased risk of developing an AUD [24,42].

Evidence suggests that RSFC is sensitive to both acute [28,68] and 
chronic [39,74] alcohol exposure. Most studies have included adult 
populations, where individuals with AUD and high users show dyscon
nectivity within and between the default mode network (DMN), SN, ECN 
and subcortical reward circuity [8,9,39,64,70], alongside increased 
connectivity to other regions outside these key networks compared to 
controls [39]. This is suggested to reflect a compensatory mechanism 
[10]. Abnormal fronto-striatal connectivity has been linked to impaired 
decision making in AUD [19], relapse vulnerability [29], and alcohol 
craving [44]. These fronto-striatal networks also show heightened 
alcohol cue-reactivity in AUD [41]. To a lesser extent, RSFC has been 
investigated in adolescents, with moderate-to-high drinkers showing 
reduced connectivity between the DMN and the limbic network, with 
the amygdala as the seed region, compared to no/low drinkers [40]. 
Increased connectivity was also found within the ECN that was associ
ated with increasing age in no/low drinkers only. There was also evi
dence of age-related DMN and limbic network desynchronization, which 
negatively correlated with episodic memory performance in the 
moderate-to-high drinkers. Besides this study, to the best of our 
knowledge there are no human studies that have investigated 
age-related effects on the association between RSFC and alcohol use or 
AUD (See [31] for a review).

However, there is evidence of age differences in neural alcohol cue- 
reactivity. Higher beer odour-induced activity was found in meso
corticolimbic structures of the limbic and SN in adolescents with an 
AUD, compared to adults with an AUD [13]. Further, a positive associ
ation between social alcohol cue-reactivity in the medial Prefrontal 
Cortex (part of the SN) and social attunement was found in low-to-high 
drinking adolescents and a negative association was found in their adult 
counterparts [32]. Interestingly, an earlier age of substance use has been 
found to predict stronger connectivity between the ECN and reward 
networks in a sample of substance (alcohol, tobacco, nicotine) using 
adolescents [71], as well as increased RSFC within several regions of the 
prefrontal cortex [71]. This suggests that the normative development of 
functional networks, which typically evolve from being more internally 
connected to becoming more segregated, may be disrupted by substance 
use, including alcohol [40]. This disruption may also result in stronger 
segregation and connectivity between networks implicated in AUD [71].

Although human studies are informative, they cannot control expo
sure or fully isolate environmental influences. Animal models help to 
address these limitations [56]. Accumulating literature supports the 
existence of rat resting state networks, which have been found to be 
homologous across rodents and humans. There is evidence of the SN [4, 
34,62], DMN [14,23,34,36,54] and somatosensory networks [26,54], 
however, evidence for the ECN is still in its infancy [53].

Preclinical resting-state studies specific to AUD are still scarce (See 
[18] for a review). In one study, 30 days of alcohol exposure reduced 
connectivity between retrosplenial-visual and striatal networks while 
increasing connectivity between prefrontal-cingulate and striatal net
works in adult rats [47]. Similarly, rats exposed to alcohol during 
adolescence were found to have altered connectivity between the pre
frontal cortex and striatal regions in adulthood, however, connectivity 
was reduced [7]. The dysconnectivity between prefrontal and striatal 
networks mirrors the findings in human studies, which have been sug
gested to be linked to heightened cue-reactivity as an important 

characteristic of AUD [41]. Rats exposed to alcohol during adolescence 
were also found to have reduced fronto-limbic connectivity in adulthood 
[22]. To date, one study investigated age-related differences in the acute 
effects of 4 g/kg alcohol on RSFC in adolescent versus adult exposed rats, 
whereby adult exposed rats were found to exhibit greater ethanol 
induced increases in connectivity within the lateral cortical network 
(LCN), as well as between the LCN and both the DMN and SN, in a 
dose-dependent manner compared to adolescent-exposed rats. Lee et al., 
[34].

This study examined the influence of age on the association between 
RSFC and the degree of voluntary alcohol consumption in rats. Rats that 
initiated alcohol consumption during adolescence or adulthood, were 
subsequently classified into low or high drinkers based on their level of 
alcohol consumption. We hypothesise that adolescent-onset rats will 
exhibit greater alcohol effects due to developmental sensitivity, re
flected in higher within-network connectivity of the SN, DMN and ECN 
[20,25], along with stronger segregation and connectivity between the 
ECN/prefrontal and salience/striatal networks [7,71].

1.1. Methods

1.1.1. Animals
All protocols adhered to the Animal Ethics Committee of Utrecht 

University guidelines and complied with Dutch laws (Wet op die dier
proeven, 2014) and European legislation (Guideline 86/609/EEC; 
Directive 2010/63/EU). The study included 72 Male Lister Hooded rats 
(Charles River Laboratories), with 36 rats arriving at postnatal day 
(PND) 35 (adolescent) and 36 at PND 70 (adult). The facility maintained 
a reversed 12-hour light/dark cycle (lights off at 7:00 am). Rats were 
housed in type III Makrolon cages with type III-S lids, provided unlim
ited access to chow and water, and equipped with polycarbonate tunnels 
(9 ×9 x 15 cm) and paper tissues. After a one-week acclimatization 
period, rats were individually housed, handled, and weighed weekly.

1.1.2. Voluntary home-cage alcohol consumption
Rats underwent a two-month intermittent alcohol access (IAA) 

schedule as previously described [33,60]. The protocol employed a 
two-bottle choice setup in home cages, offering both water and 20 % 
(v/v) alcohol (Klinipath, The Netherlands) three days per week (Mon
day-Wednesday-Friday). Each cage contained one water and one alcohol 
bottle (250 ml, Techniplast, Germany), with bottle positions alternated 
between sessions. During non-alcohol days, rats received a single 500 ml 
water bottle. Adolescent rats began alcohol access at PND 42, corre
sponding to the adolescent phase based on cognitive milestones [65], 
while adults started at PND 77. The timing for adolescent onset of 
drinking prevented individual housing during social play onset, as play 
deprivation has been linked to increased substance reward sensitivity 
[65].

The first month of IAA provided 7-hour daily access (9:00 am to 
4:00 pm), extending to 24-hour access in the second month to accom
modate higher consumption patterns, particularly in high alcohol- 
drinking rats [60]. Alcohol intake was monitored by weighing bottles 
before and after each session, converting measurements to grams of 
ethanol per kg of rat (g/kg) per session, and calculating weekly aver
ages. After the two-month period, the rats were classified by alcohol use 
onset (adolescent; adult) and ranked from low to high intake. Weekly 
rankings were summed to generate total scores, with the lowest and 
highest tertiles designated as low (LD) and high (HD) drinkers. 
Following exclusions due to RABIES preprocessing issues (five rats) and 
timeseries restructuring complications (one rat), the final sample 
comprised 42 rats: Adolescent LD (N = 12), Adolescent HD (N = 7), 
Adult LD (N = 11), and Adult HD (N = 12).

1.1.3. fMRI experimental design
After the alcohol exposure period, rats were left undisturbed for 4–10 

days. Following this each rat underwent a 7-minute resting-state scan, 
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with adolescent rats scanned between PNDs 106–112 and adult rats 
between PNDs141–147. The protocol included a cue-exposure paradigm 
that is not discussed in this analysis.

1.1.4. Data acquisition
Rats were anesthetized using 2.0–3.0 % isoflurane induction, main

taining respiration at 30–40 breaths/minute. They were positioned 
prone in the MRI cradle, secured with bite and ear bars, and received 
continuous isoflurane in > 90 % oxygen-enriched air via a nose cone. 
Following positioning, rats received a 0.020 mg/kg bolus injection of 
dexmedetomidine (0.42 mg/ml undiluted), followed by a 0.040 mg/kg/ 
h maintenance dose. Throughout scanning, vital signs (heart rate, 
respiration, oxygen saturation, and core temperature) were monitored.

Imaging was performed using a 300 MHz Bruker USR 4.7 T/20 cm 
scanner. Anatomical scans were acquired at 1252 × 20 slice resolution 
with a 402 mm field of view and 1.0 mm slice thickness. Resting-state 
fMRI parameters included 6002 × 20 slice resolution, 32.42 mm FOV, 
1.0 mm slice thickness, and 32 × 1 mm voxel size.

1.1.5. fMRI data preprocessing
RABIES 20.4-dev software, based on the fMRIprep pipeline [15], 

processed the MRI data using default preprocessing and spatial 
normalization parameters. Head motion correction utilized rigid regis
tration to functional data (antsMotionCorr;[3]). Preprocessing steps 
included non-local mean denoising, bias field correction (N3 Algorithm;
[55]), and intensity thresholding for initial masking. Rigid registration 
aligned a reference atlas-derived brain mask to functional data. 
Anatomical images underwent similar processing plus non-linear regis
tration, followed by functional data registration to structural images and 
the Fischer344 atlas [21] using FNIRT. Each functional volume was 
resampled using cross-modal alignment transforms and head motion 
parameters, while correcting for EPI distortions through nonlinear 
registration [67].

Confound correction, also performed via RABIES 20.4-dev, began 
with voxel-wise detrending to remove first-order drifts, followed by 
high-pass filtering (0.01 Hz) and removal of 30-second segments from 
timeseries ends to address edge artifacts [49]. Nuisance regressors 
(white matter and CSF mean signals, six rigid motion parameters) un
derwent filtering to prevent confound reintroduction [35]. Ordinary 
least squared regression modelled nuisance regressors at each voxel 
before data regression. Finally, spatial Gaussian smoothing (0.3 mm 
FWHM) was applied. See supplementary section 1.1 and 1.2 for full 
details.

1.1.6. Behavioural analysis
Alcohol consumption (g/kg) analysis employed a three-way repeated 

measures ANOVA, with month (1st-7hrs and 2nd-24hrs) as the within- 
subjects factor, and age (adolescent and adult-onset) and alcohol sub
group (low and high) as between-subjects factors.

1.1.7. fMRI analysis
Group-independent component analysis (group-ICA) was performed 

on concatenated scan time series. After testing decompositions of 10, 15, 
20, and 30 components, a 10-component solution was selected as 
optimal, as higher numbers caused network fragmentation (See sup
plementary section 1.3). Visual inspection classified components as 
signal (8) or noise (2). Dual regression modelled individualized brain 
network connectivity from group-ICA results, maintaining signal/noise 
classifications. Statistical analysis utilized FSL’s randomise tool with 
5000 permutations, employing Threshold-Free Cluster Enhancement 
(TFCE) for cluster detection and family-wise error (FWE) correction (α 
=.05). Analyses focused on the following networks of interest: So
matosensory network (Component 1) which encompassed the motor 
cortex (M1) and primary and secondary somatosensory cortices (S1, S2), 
with minor activation observed in the pons and superior colliculus. The 
ECN (Component 6) showed activation in the prefrontal cortex, 

including the anterior secondary motor cortex (M2), S1, and granular 
insula cortex. The DMN (Components 2 & 7), where component 2 
showed activation in the orbital cortex, cingulate cortex, retrosplenial 
cortex, hippocampus, primary visual cortex and posterior parietal cor
tex, while component 7 showed activation in the prelimbic, cingulate 
cortex, caudate putamen, hippocampus, retrosplenial cortex, primary 
visual cortex, posterior parietal cortex, and temporal association cortex. 
The SN (Components 3, 4 &10) included three distinct components. 
Component 3 showed activation in the dysgranular/granular insular 
cortex, posterior agranular insular cortex, S1, S2, caudoputamen, globus 
pallidus. Component 4 included activation in the primary and secondary 
cingulate cortex, prelimbic cortex, infralimbic cortex, lateral orbital 
cortex, ventral orbital cortex, M2, and dorsal and ventral agranular 
insular cortex. Component 10 showed activation in the S1, S2, nucleus 
accumbens, primary and secondary cingulate cortex, prelimbic cortex, 
infralimbic cortex, agranular insular cortex, globus pallidus, and cau
doputamen. And a basal ganglia network (Component 5) showed acti
vation in the nucleus accumbens, caudoputamen and infralimbic cortex.

2. Results

2.1. Age differences in alcohol consumption

Across all rats, alcohol intake was significantly higher in the second 
month when alcohol access was extended to 24 h, compared to the first 
month when there was 7 h of access, F(1, 38) = 183.72, p < .001, η² 
= .83. There was no significant main effect of age on alcohol intake, F(1, 
38) = 0.89, p = .35, nor was there a significant interaction between 
month and age of onset, F(1, 38) = 0.007, p = .93. Additionally, no 
interaction was found between month, age of onset, and severity of use, 
F(1, 38) = 1.56, p = .22. Across the two months, the mean alcohol intake 
for the adolescent HD group was 4.24 g/kg (SD = 0.81), while the 
adolescent LD group consumed on average 1.11 g/kg (SD = 0.40). For 
the adult groups, the HD group had a mean alcohol intake of 3.98 g/kg 
(SD = 1.23), and the LD group consumed on average 0.88 g/kg (SD =
0.39). These results suggest a similar increase in total alcohol con
sumption from month one to two across the two age groups, coinciding 
with the shift from 7-hour to 24-hour access. There were no significant 
differences in alcohol consumption between low and high drinkers 
across ages, and no differences in absolute volumes consumed. Fig. 1
displays the mean alcohol intake of the groups across the two-month 
period.

2.2. Age differences in alcohol use-related RSFC

There were no significant main effects of age on within and between 
RSFC. Regarding the main effect of alcohol use severity, LD compared to 
HD rats showed increased RSFC within a small cluster in the SN (S2). No 
other significant differences in RSFC within and between the networks 
were found. See Fig. 2,and Table 1.

2.3. Interactions between age and alcohol use severity on RSFC

The interaction between age and alcohol use severity was significant 
between RSFC of the DMN and thalamus, as well as RSFC within the 
DMN (primary visual cortex). No significant interaction effects were 
found in the BGN, somatosensory network, SN and ECN. See Fig. 3,and 
Table 1.

For the significant interaction effect found within the DMN post hoc t- 
tests indicated that while there was no significant difference between 
adult LD and HD rats, adolescent HD rats had lower connectivity 
compared to the adult LD (t(15) = 2.87, p > .01, d = 1.30) and HD rats 
(t(13) = 2.36, p = .034, d = 1.11), but higher connectivity compared to 
the adolescent LD rats (t(16) = 2.15, p = .047, d = 0.93) (see Figure 3a). 
Similarly, for the significant interaction effect found between the DMN 
and thalamus post hoc t-tests revealed only significant age group effects 
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with none of the within age group comparisons being significant; Adult 
LD rats had increased connectivity compared to adolescent LD rats (t 
(21) = 5.11, p < .001, d = 2.12), and adult HD rats had increased con
nectivity compared to adolescent LD rats (t(21) = 3.26, p < .01, 
d = 1.33).

3. Discussion

The purpose of the current study was to investigate age-related dif
ferences in the association between RSFC and alcohol use severity in rats 
that initiated low or high voluntary alcohol consumption during 
adolescence or adulthood. Regardless of age of onset of voluntary 
alcohol exposure, increased RSFC within the S2 of the SN was found in 
low compared to high alcohol drinking rats, suggesting a potential as
sociation between alcohol consumption levels and connectivity in this 
region. Initiation of high levels of voluntary alcohol consumption during 
adolescence was associated with increased connectivity within the pri
mary visual area of the DMN relative to low levels of voluntary alcohol 
consumption during adolescence. Connectivity in this area was 

generally stronger in adult compared to adolescent onset groups. 
Further, an age effect was observed for connectivity between the DMN 
and thalamus, with higher connectivity in the adult compared to 
adolescent onset rats. These findings should be interpreted cautiously, 
given the correlational nature of the study and the absence of a non- 
drinking control group.

An association between alcohol use and connectivity in the salience 
network was found, although the direction of this relationship was not 
as expected. Low drinking rats were found to have increased RSFC 
within the SN compared to high drinking rats. While we hypothesised 
that high drinking rats would exhibit dysconnectivity within and be
tween the DMN and SN, as well as hypoconnectivity within the ECN, the 
opposite pattern emerged, with differential RSFC found in low drinking 
rats. Previous preclinical studies have focused on RSFC differences be
tween alcohol-exposed rats and control rats with no alcohol exposure, 
consistently finding dysconnectivity in alcohol-exposed rats [7,22,47]. 
However, this study is unique in examining differences between low- 
and high-drinking rats. To the best of our knowledge, there are no 
existing studies for direct comparison. The increased connectivity within 

Fig. 1. Mean alcohol intake (g/kg) in adolescent and adult rats, selected as part of the low drinking or high drinking groups of each age group. The data shown is 
mean + standard error of the mean.

Fig. 2. Higher resting state functional connectivity in the salience network of low vs high drinking rats. Full network as identified by Independent Component 
Analyses is visualised for descriptive purposes. The mean peak cluster (co-ordinates x = 51; y = 13; z = 22 in native space) found in the secondary somatosensory 
area of the salience network is visualised with a grey square.
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the SN observed in low drinking rats also contrasts with human litera
ture, which has consistently reported greater dysconnectivity in high 
drinkers or individuals with AUD [9,25,40,64,70]. Although specula
tive, this may indicate that the relationship between alcohol consump
tion and RSFC is not linear. In an exploratory analysis, we investigated 
associations with individual drinking levels of the rats, but no significant 
correlations with RSFC were found. Future studies that include a sample 
of rats with no alcohol exposure could help to further clarify this 
relationship.

Contrary to expectations, no main effects of age on RSFC were found. 
However, when considering both age and severity of use, differences 
were apparent. Initiation of high levels of voluntary alcohol consump
tion during adolescence was associated with increased connectivity 
within the primary visual area of the DMN relative to low levels of 
alcohol consumption. Connectivity in this area was generally stronger in 
adult versus adolescent onset groups. Given the absence of a non- 
drinking control group or baseline RSFC measurements, these findings 
should be interpreted with caution, and further research is needed to 
better understand causation in this interaction. Nevertheless, these 
findings partially support our hypotheses, as dysconnectivity was found 
to a larger extent in high drinking adolescent-onset rats compared to 
their lower drinking counterparts. However, contrary to expectations, 
the largest increases in connectivity within the DMN were observed in 
adult-onset groups, raising the possibility that factors beyond alcohol 
exposure, such as developmental differences, may contribute to these 
patterns. Due to our study design, we cannot determine whether this 

Table 1 
Comparison of connectivity differences in functional connectivity networks 
based on Independent Component Analysis. Abbreviations: DMN Default Mode 
Network.

Age of alcohol exposure

Network Direction Size 
(voxels)

Coordinates P-value FWR 
corrected

X Y Z

Adolescent > adult
All networks ns ns ns ns ns ns
Adult > adolescent
All networks ns ns ns ns ns ns
Severity of alcohol use
Network Direction Size 

(voxels)
Coordinates P-value FWR 

correctedX Y Z
Low > high
Within Salience 

Network
↑ 3 51 13 22 0.04

High > low
All networks ns ns ns ns ns ns
Age of exposure x severity of alcohol use
Network Direction Size 

(voxels)
Coordinates P-value FWR 

correctedX Y Z
Adult high > low vs adol high > low
Between DMN 

and thalamus
↑ 4 40 12 19 0.05

Within DMN ↑ 1 38 10 37 0.03
Adol high > low vs adult high > low
All networks ns ns ns ns ns ns

Fig. 3. a. Group differences in mean peak activation in the significant cluster (within the primary visual area of the default mode network) found for the interaction 
contrast. The full network as identified by Independent Component Analyses is visualised for descriptive purposes, with peak voxel coordinates (in native space) 
listed and visualised within the grey square. Error bars depict the standard error. The mean is depicted as a dotted line, and the median a solid line. b. Group 
differences in mean peak activation within the significant cluster (between the default mode network and thalamus) identified for the interaction contrast. Full 
network as identified by Independent Component Analyses is visualised for descriptive purposes, with peak cluster coordinates (in native space) listed, and visualised 
within the grey square. Error bars represent the standard error. The mean is depicted as a dashed line, and the median as a solid line. P-values: * = p < 0.05, ** 
= p < 0.01 *** = p < 0.001.
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increase in connectivity stems from alcohol exposure or developmental 
factors. However, one of the only studies to date to investigating age 
differences in RSFC, independent of alcohol exposure, found that adult 
rats (PND 80) had increased connectivity within the DMN compared to 
adolescents (PND 45) [34]. Evidence from human studies also suggests 
age-related differences in DMN connectivity [16,50], with increased 
connectivity generally found in older individuals. Moreover, the lack of 
differences between low- and high- drinking adult-onset rats in our 
study further suggests that these effects may reflect developmental dif
ferences rather than alcohol exposure. In their study, Lee and colleagues 
scanned rats at baseline and after cumulative doses of ethanol and found 
increases in connectivity within the LCN, and between the LCN and both 
the DMN and SN in all rats in a dose-dependent manner. They subse
quently found age moderated this association, with adult-exposed rats 
showing greater ethanol-induced increases within and between these 
networks compared to adolescent-exposed rats. Notably, they did not 
find ethanol-induced age differences in within DMN connectivity, but 
rather between the DMN and LCN. This distinction suggests that some 
connectivity differences may stem from developmental changes, while 
others may be driven by alcohol exposure. It will be important for future 
preclinical studies to include a control group and/or baseline measure
ments to continue to better isolate the factors driving these connectivity 
differences.

These findings suggest that the level of alcohol consumption may 
influence RSFC, particularly when initiated during adolescence, with 
high alcohol intake associated with increased connectivity within the 
DMN network compared to low alcohol intake. However, this contrasts 
with Lee et al., [34], who found no ethanol-induced age dependent ef
fects within the DMN, but rather between the DMN and LCN. Addi
tionally, we observed increased connectivity between low and high 
adolescent-onset rats, but not between low and high drinking 
adult-onset rats, whereas Lee et al., [34] found effects in both groups. 
While the current findings cannot establish causality, they suggest that 
the DMN may be sensitive to both alcohol exposure and severity of use in 
an age-dependent manner. The DMN plays a crucial role in 
self-referential processing and the integration of prior and future expe
riences [51], functions that are critical for regulating behaviours related 
to addiction. Dysconnectivity in this network has been associated with 
alcohol use and AUD, correlating with craving and relapse (See review 
by [72]), as well as impaired self-awareness in SUD, where individuals 
may continue substance use without reflecting on the consequences 
[66]. Furthermore, DMN connectivity has been shown to predict AUD 
severity as measured by the AUDIT [17], and is associated with 
withdrawal-related negative affect in the addiction model of neurobi
ology [30]. When reflecting on the paradox of risk and resilience during 
adolescence and adulthood, our findings suggest that initiation of high 
levels of alcohol use in adolescence may be associated with pronounced 
alterations in RSFC than alcohol use initiated in adulthood. However, it 
is important to note that causality cannot be inferred from these corre
lations, especially given the absence of a non-drinking control group. 
Therefore, future research should aim to build on these findings by 
including a control group without alcohol access to better isolate the 
specific effects of alcohol consumption on RSFC.

Importantly, prior research does suggest that high alcohol con
sumption during adolescence may impair self-awareness in adulthood or 
increase susceptibility to withdrawal, potentially contributing to 
continued escalation of use, and increased risk of AUD [66]. Both 
adolescent- and adult- onset rats were scanned four to 10 days after 
alcohol cessation and so were in protracted withdrawal by the time of 
scanning [6,27]. The increased connectivity in high alcohol drinking 
adolescent-onset rats could potentially suggest accelerated aging, as the 
connectivity in these rats shifted toward patterns more typically found 
in adult-onset rats. However, this remains speculative, and further 
research is needed to determine whether this shift reflects a true accel
eration of an adult-like phenotype or a distinct, maladaptive trajectory 
of neurodevelopment. Notably, behavioural studies have often shown 

that adolescent alcohol exposure leads to the retention of 
adolescent-typical response into adulthood rather than convergence 
with adult-exposed patterns (See [59] for a review). Integrating both 
neural and behavioural findings will be essential to fully understand the 
long-term impact of alcohol use on brain function and behaviour. 
Alternatively, the increased connectivity in the DMN might also reflect 
resilience, as higher connectivity in adulthood has been associated with 
increased efficiency [16]. In a separate study from our group, high 
drinking adolescent onset rats exposed to the exact same regime as in the 
current study showed greater control over alcohol seeking compared to 
the adult-onset rats, even when consuming high levels of alcohol [33]. 
This could be attributed to the greater plasticity and adaptability known 
to be present during adolescence [58]. Therefore, it remains unclear 
whether high alcohol use initiated in adolescence serves to increase the 
risk of AUD or may instead contribute to resilience in adulthood. 
Investigating the underlying mechanisms or outcomes that may be 
associated with the changes in DMN connectivity, particularly with the 
inclusion of a non-drinking control group, would be crucial in clarifying 
its role in the development of AUD risk and resilience.

Additionally, a significant interaction between age and severity of 
use was observed in DMN-thalamic connectivity. However, post hoc 
tests only revealed significant differences between age groups, with 
higher connectivity in adult-onset compared to adolescent-onset rats. 
Dysconnectivity between the DMN and thalamus has been reported 
previously in a sample of nondependent adult drinkers and was found to 
negatively correlate with AUDIT scores (ie., lower connectivity with 
higher AUDIT scores)[73]. In a second study, thalamic and DMN 
engagement was found to be associated with AUDIT scores for both 
reward/loss anticipation and RSFC within these regions [17]. Addi
tionally, across the thalamus and regions of the DMN, a stronger rela
tionship was found between engagement of these regions and higher 
alcohol use in younger individuals (age < 41) compared to older in
dividuals (age < 41). Although the sample was older it does point to 
age-related differences and thus emphasizes the need for replication in 
younger samples. Regions of the DMN network and thalamus are widely 
connected, both on a structural and functional level, and it is suggested 
that the thalamus modulates activity of the DMN and contributes to 
network integration and resilience [1]. However, it remains speculative 
whether the altered DMN thalamic connectivity found here is related to 
risk or resilience of problematic alcohol use or is solely a reflection of 
developmental differences. Regardless, these findings highlight an 
important network and connection that warrants further investigation in 
future studies.

While the findings emphasise the importance of DMN connectivity, it 
is also crucial to consider the absence of significant differences within 
and between other networks previously implicated in alcohol use risk 
and AUD, such as the SN, sensorimotor network and ECN [8,39,70]. 
Despite consistent associations between these networks and AUD, no 
significant differences were found when considering both age of initia
tion and severity of alcohol use. As stated, our findings partially align 
with previous research that found increased between network DMN 
connectivity of adults-exposed (PND 80) compared to 
adolescent-exposed (PND 45) rats following acute alcohol exposure 
[34]. However, this study reported increased connectivity between the 
DMN and LCN, whereas we found increased connectivity within the 
DMN and between the DMN and thalamus. They additionally reported 
increased connectivity within the LCN, and between the LCN and SN in 
adult rats compared to adolescent rats. These differences may be 
attributed to key methodological differences. Specifically, their study 
focused on acute alcohol exposure (2×1 g/kg, 1×2 g/kg ethanol), over a 
short interval, with RSFC measured in 15-minute blocks. Furthermore, 
the use of pancuronium bromide in addition to the combination of iso
flurane and dexmedetomidine for anaesthesia may have influenced 
RSFC outcomes [11]. Prior studies investigating adolescent alcohol 
exposure have reported long-term RSFC alterations in adulthood. For 
example, adolescent rats exposed to 5 g/kg of ethanol intragastrically 
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from PND 25–54 were found to have reduced frontostriatal connectivity 
in adulthood (PND 100–110) compared to non-exposed control rats [7]. 
A similar pattern of dysconnectivity was later observed at PND 119 
following the same exposure protocol [22]. In contrast, our study 
identified different patterns of connectivity, likely due to methodolog
ical differences. Both aforementioned studies implemented a 
binge-ethanol exposure paradigm using intragastric administration, 
whereas we employed IAA. Moreover, these studies included 30 days of 
exposure and assessed RSFC after prolonged withdrawal periods (5–9 
weeks), whereas our adolescent-onset group began exposure at PND 42, 
continuing for two months into adulthood and were scanned 4–10 days 
after alcohol cessation. These differences in affected networks could 
stem from both the method and length of alcohol administration and the 
timing of the withdrawal assessment. Given evidence that RSFC in
creases up to a week after alcohol cessation [48], it is possible that our 
findings capture an earlier phase of connectivity changes, whereas these 
previous studies identified longer-term effects after an extended period 
of abstinence. Future research incorporating longer withdrawal periods 
would help clarify the trajectory of these changes. Further, a study 
employing a similar administration protocol to our study, this being the 
IAA, administered ethanol to adolescent rats from PND 45–90 and also 
reported decreased connectivity, but specifically between the amygdala 
and cerebellum in male rats scanned after a 35-day withdrawal period 
[52], suggesting the differences in connectivity were not due to the 
method of administration. Another key distinction lies in the analytical 
approach. These studies pre-selected ROIs from the prefrontal cortex 
and striatum regions whereas we applied group-ICA to assess 
whole-brain network connectivity. This methodological difference may 
explain why our findings align more closely with those of Lee et al., [34], 
who also used a network-based approach and similarly observed 
increased between DMN connectivity. Importantly, while we did not 
find differences in prefrontal striatal connectivity, our network-based 
approach revealed broader patterns of altered connectivity that might 
have been overlooked in ROI-based analyses.

Overall, a key advantage of our study is the direct comparison be
tween adolescent- and adult-onset alcohol use while also accounting for 
severity of use, which previous studies have not examined in the same 
way. While much of the existing literature has focused on adolescent 
vulnerability, our findings explicitly compare adolescents and adults to 
assess whether adolescents are uniquely more vulnerable, or whether 
the severity of use plays a more critical role across both developmental 
stages. Our results uniquely demonstrate that both factors must be 
considered together and highlight that adolescent- and adult-onset 
groups should be treated separately in future research, rather than 
collapsed into a single category. Furthermore, given that increased 
within or between DMN connectivity has been observed following both 
acute and prolonged exposure, replication in studies with longer with
drawal periods and a non-using control group will be crucial for dis
tinguishing alcohol-related effects from broader developmental 
processes.

While the novelty in our study lies in the controlled length of 
exposure of alcohol use across adolescence and adulthood, as well as the 
voluntary procedure, enabling us to differentiate between high and low 
drinkers, several limitations should be considered. Firstly, while there 
do appear to be both age of exposure and severity of alcohol use inter
action effects on RSFC, we did not include a control group with no 
exposure. Due to this it is difficult to establish how the effects compared 
to no exposure to alcohol, and this would allow the comparison of 
developmental differences to be investigated to a larger extent. Sec
ondly, when interpreting the findings we cannot conclusively say 
whether the increase in connectivity found within and between the 
networks are necessarily detrimental as we did not investigate func
tional outcomes and relations to behaviour. Thirdly, functional con
nectivity is known to be inherently noisy [5], and within groups large 
variances in connectivity were found. This may have impacted the 
findings, especially due to the low sample sizes in some groups (lowest 

N = 7), which also reduced the power of the study. Only male rats were 
included in the current study. However, ethanol exposure can alter 
functional connectivity in a sex dependent manner [61]. Therefore, it is 
crucial for future studies to include female rats to determine whether 
similar associations are found across sexes. While isoflurane is 
commonly used for induction and positioning, followed by dexmede
tomidine during MRI [45,69], evidence suggests that these anaesthetics 
can induce distinct patterns of functional connectivity inhibition within 
several resting-state networks, differing from patterns observed in 
awake rats [11,43]. Additionally, these effects may be time dependent 
(Magnuson et al., 2014). However, a study comparing different anaes
thesia protocols found no significant differences in within DMN con
nectivity between awake rats and those anesthetised with a combination 
of isoflurane and dexmedetomidine [43]. Nevertheless, caution is war
ranted when comparing our findings to human studies conducted in 
awake subjects without anaesthesia. In our study, alcohol exposure in 
the adult group began during early adulthood (PND 77) and continued 
into full adulthood (PND 137) [57,38]. While this range falls within the 
established definition of adulthood, evidence suggests that neural 
maturation continues beyond early adulthood. For example, RSFC be
tween the striatum and several resting state networks has been found to 
undergo continued changes into full adulthood [37]. Therefore, the 
observed connectivity differences in our study may reflect this ongoing 
developmental process rather than the more stable connectivity patterns 
typically seen in full adulthood.

In conclusion, this study highlights the complex interplay between 
age of voluntary alcohol exposure, severity of use, and RSFC, particu
larly within the DMN. Although no differences in RSFC were found when 
solely considering the age of alcohol exposure, differences emerged 
when considering drinking severity. Specifically, increased RSFC within 
the S2 of the SN was found in low compared to high drinking rats, which 
may suggest a potential effect of alcohol use. High levels of alcohol 
consumption initiated during adolescence were associated with 
increased DMN connectivity compared to low use, potentially reflecting 
altered self-referential processing, increased susceptibility to with
drawal or signs of accelerated aging in adulthood. Conversely, increased 
within DMN connectivity, and connectivity with the thalamus in adult- 
onset rats may point to developmental differences rather than alcohol 
exposure effects. These findings highlight the need for further research 
to explore the role of DMN connectivity in both risk and resilience to 
AUD, particularly concerning adolescent alcohol use. Importantly, the 
absence of a non-drinking control group limits our ability to isolate the 
specific effects of alcohol consumption on RSFC, and future research 
should aim to include such groups for a clearer understanding of these 
dynamics.
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