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Abstract: Cocaine use is a rising global concern, and increased use is accompanied by
a significant increase in people entering treatment for the first time. However, there are
still no complete therapies, and preclinical tools are necessary to both understand the
action of cocaine and mitigate for its effects. Cocaine exposure rapidly impacts cellular
and mitochondrial health, leading to oxidative stress. This study evaluated the effects of
acute, repeated, and chronic cocaine exposure on C17.2 neural precursor cells. A single
exposure to high concentrations of cocaine caused rapid cell death, with lower concentra-
tions increasing markers of oxidative stress and mitochondrial dysfunction within 4 h of
exposure. Alterations in cellular bioenergetics and mitochondrial fusion and fission gene
expression (OPA1, DRP1) were also observed, which returned to baseline by 24 h after
insult. Repeated exposure over 3 days reduced cell proliferation and spare mitochondrial
respiratory capacity, suggesting compromised cellular resilience. Interestingly, chronic
exposure over 4 weeks led to cellular adaptation and restoring mitochondrial bioenergetics
and ATP production while mitigating for oxidative stress. These findings highlight the time-
dependent cellular effects of cocaine, with initial toxicity and mitochondrial impairment
transitioning to adaptive responses under chronic exposure.
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1. Introduction

Cocaine is the second most common drug of abuse in the UK among adults aged
16-25 [1], with incidences in the UK being some of the highest in Western and Central
Europe [2]. Cocaine causes both short- and long-term psychiatric and pathophysiological
symptoms depending on dose and administration route, including increased heart rate,
blood pressure, and body temperature, as well as agitation, convulsion/seizures, coma,
and death [3]. The incidence of cocaine use is increasing in women; estrus enhances the
effects of cocaine and, overall, the speed of transition to addiction as well as incidence of
relapse is increased in women [4]. In this population, cocaine can, therefore, have indirect
effects as the drug freely crosses the placenta (indeed placental metabolism may prolong
fetal drug exposure) and prenatal cocaine exposure can induce deficits in cognitive function
and behavior in offspring [5-7].

Currently, there are no complete therapies for cocaine addiction; the most effective
therapies include psychosocial interventions such as cognitive behavioral therapy, but
these are not universally effective [8]. Pharmacological studies have previously focused
on either pharmacodynamic or pharmacokinetic approaches in order to facilitate therapy
development. Pharmacokinetics research identified that peak serum concentrations of
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cocaine were difficult to assess, partly due to its rapid metabolism, but also because in real
life settings, cocaine is often combined with other pharmacologically active substances [9].
As might be predicted, a user may potentially vary the dose themselves depending on the
concentration of drug already on board [10], and the route of administration will also impact
the exposure level [11]. Based on postmortem tissue as well as data from healthy volunteers
in a clinical setting, serum concentrations can vary greatly, from recreational use (<10 uM) to
binge use (<50 uM) to overdose (<100 uM and rarely 1000 uM [11-13]). Pharmacodynamics
studies critically revealed that cocaine blocks the dopamine transporter (DAT), which is
responsible for reabsorbing dopamine from the synaptic cleft back into the presynaptic
neuron. Elevated dopamine levels result in prolonged activation and overstimulation of
postsynaptic dopamine receptors, heightening euphoria [14]. Chronic cocaine use can lead
to a sustained predominance of DIR signaling, contributing to compulsive drug-seeking
behavior [15]. While D2 receptors are inhibitory, their activation is diminished relative to
D1 receptors during cocaine use. This imbalance between D1 and D2 receptor signaling
is thought to play a role in the transition from recreational use to addiction. Chronic use
desensitizes these receptors, reducing their responsiveness over time and driving users to
consume higher doses to achieve the same effect [15]. These observations initially led to
the development of small molecules competing with the binding site of cocaine. However,
as cocaine binds to the dopamine transporter [16], dopamine agonists competing for this
site may have unwanted effects. In addition, cocaine has effects in the wider brain, and a
multitarget treatment may be more effective. Computational modeling based on in vitro
experimental data and human in vivo scanning identified an alternative approach in which
cocaine was enzymatically degraded in the plasma, eliminating cocaine before it reached
the brain [17]. Based on this model, cocaine hydrolase fused with human serum albumin
was developed [18] and has already been tested in phase 2 clinical trials (although the
outcome was very modest) [19]. Detailed molecular and cellular data are required to
improve current theoretical models and to aid the development of new therapeutics.

The efficient function of mitochondria is important throughout the body but partic-
ularly in the brain, a site of intense energy usage, consuming 20% of available oxygen
despite only accounting for 2% overall body weight [20]; in the developing brain, this
energy demand increases further [21]. Terminally differentiated neurons have slow rates of
mitochondrial turnover and, therefore, need to preserve healthy and functioning mitochon-
dria throughout the entirety of their structures [22]. In addition, mitochondria in the brain
have a longer half-life (24.4 days compared with liver [9.3 days] and heart [17.7 days], [23]),
so mitochondrial quality control is critical. Mitochondrial health is dependent on a cycle
of fusion and fission, with new mitochondria produced by biogenesis and impaired mito-
chondria degraded and recycled by mitophagy. Impairment of these balanced processes
results in reduced cellular respiration/ATP production, increased reactive oxygen species
(ROS) production, impaired calcium buffering, and ultimately cell death [24,25].

Cocaine exposure can disturb brain energy homeostasis through altered mitochon-
drial function and may target mitochondria directly. In vivo, repeated intraperitoneal (i.p.)
injections of cocaine (20 mg/kg for 7 days) promoted mitochonderial fission through in-
creased DRP1 activation in D1-medium spiny neurons of the nucleus accumbens (NAc) [26].
Changes in the expression of key regulators of mitochondrial dynamics (both fission and
fusion) were also observed in the hippocampus and prefrontal cortex of rats following
cocaine self-administration alongside increased ROS [27]. Drug seeking behavior is also
blunted in cocaine-addicted rats after administration of the mitochondrial fission inhibitor-1
(Mdivi-1) [26]. Gene expression of markers of mitochondrial biogenesis were significantly
increased in hippocampal mRNA from cocaine-treated rats (10-15 mg/kg, i.p.) that had
undergone cocaine conditioning, extinction, and reinstatement of drug-seeking [28]. Tran-
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scriptomics analyses comparing acute, chronic, self-administration, and conditioned reward
paradigms in the ventral tegmental area (VTA) of male mice identified that alterations
in bioenergetic pathways were present in all conditions [29]. Supporting the concept of
cocaine exposure regulating mitochondrial protein expression, activity of the transcription
factor Egr3 was directed at nuclear-encoded genes of mitochondrial dynamics proteins in
ex vivo rat samples from the NAc following cocaine exposure (20 mg/kg for 7 days) [30].
This study also provided evidence that human mitochondrial dynamics are altered in post
mortem NAc samples of cocaine users [30].

In vitro, three-week exposure to high concentrations of cocaine (600 utM) resulted in
increased mitochondrial fission accompanied by an increase in mitochondrial number and
increased mitophagy in Neuro2A cells [31]. In primary mouse microglial cells, shorter
exposures with lower concentrations of cocaine (1-100 uM, 24 h) also identified a dose-
dependent decrease in mitochondrial membrane potential, along with increased expression
of mitophagy markers [32]. Changes in the expression of mitochondrial biogenesis markers
were also observed in cultured human astrocytes following a short exposure to low-dose
cocaine (0.5 uM, 24 h) [33].

While in vitro studies have provided elegant data on the effects of cocaine on mito-
chondria, the majority use a single-dose paradigm, which may not be reflective of the
actual cellular exposure. In this study, we aimed to investigate the impact of repeated,
low-dose cocaine administration on cellular bioenergetics and ROS production in an imma-
ture neural cell line to identify differences between acute and chronic cocaine-mediated
mitochondrial adaptations.

2. Results
2.1. A Single Exposure to Cocaine Rapidly Alters Cell Health and Mitochondrial Morphology

To begin evaluating the cellular effects of repeated cocaine exposure, a single dose
baseline was established. Our study used cocaine concentrations designed to mimic all
stages of drug use from recreational to overdose (1-1000 uM [11,12]) and well within the
range used in other in vitro studies (1 pM to 7 mM [31,34-36]). In addition, we chose
to use the neural stem/precursor cell line C17.2 in order to evaluate whether exposure
to cocaine in immature cells had a similar effect as that observed in more mature cells
such as primary neurons [26]. C17.2 cells were treated with cocaine (1-1000 uM) and cell
survival measured. No effects were observed at <10 uM, but there was an initial reduction
in cell number following 100 pM treatment at 4 h which recovered by 24 h (Figure 1a).
However, 1000 pM exposure resulted in rapid irreversible cell death (Figure 1a, p < 0.0001).
Oxidative stress is also a key observation following in vitro cocaine exposure [37]. Cells
were, therefore, subjected to cocaine and DHE fluorescence measured (Figure 1b). At4 h,
superoxide-related fluorescence was observed only in cells treated with 1000 uM; however,
by 24 h post exposure, a significant increase in DHE was apparent for cells treated with
10 uM (p = 0.0436) and 100 uM (p = 0.0012) as well as 1000 uM (p = 0.0015) of cocaine
(Figure 1c).

Dysfunctional mitochondria are a major source of pathological ROS; therefore, the
effects of cocaine exposure on mitochondrial function were examined. As the previous
experiment showed significant cell death with very high cocaine concentrations, the ex-
posure range was now limited to a maximum of 100 uM, with additional intermediate
concentrations reflecting approximately 3-fold increments. C17.2 cells were exposed to co-
caine concentrations up to 100 uM, and genes involved in mitochondrial fusion (OPA1) and
fission (DRP1) were assessed. There was an overall increase in gene expression for OPA1
and DRP1 by 4 h after exposure, which returned to baseline by 24 h (OPA1: p = 0.0198ime,
DRP1: p = 0.0029iye, Figure 1d).
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Figure 1. Single dose cocaine rapidly impairs cell health at high concentrations. (a) C17.2 cells
were exposed to cocaine (1-1000 uM) and cell number assessed by Hoechst staining at 4, 24, and
48 h following treatment. **** p < 0.0001 compared with 4 h; (b,c) C17.2 cells were stained with DHE
at 4 h and 24 h after single cocaine treatment (1-1000 pM, representative images shown in left panel).
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Thresholds were established on control images, and fluorescence above control expressed as a fold
increase (right panel) Comparing 4 h and 24 h, * p = 0.0436, ** p = 0.0012 and ** p = 0.0015 for 10 uM
100 uM and 1000 uM respectively. Scale bar denotes 200 um; (d) RNA was prepared from cells
exposed to a single dose of cocaine at 4 h and 24 h following treatment. qRT-PCR was performed
and expression of mitochondrial dynamics genes OPA1 and DRP1 determined. Data are shown
normalized to GAPDH expression and to untreated C17.2 cells. Two-way ANOVA revealed an overall
significant effect of time for both OPA1 (* p = 0.0198) and DRP1 (* p = 0.0029) expression; (e) C17.2
cells were treated with cocaine (100 uM, 4 h), stained with Hoechst and mitotracker red, and fixed
and mounted on slides. Scale bar denotes 100 pm. Inset images show representative mitochondrial
networks. For all graphs, data points (N) are representative of duplicate or triplicate measurements
and are plotted as mean + SEM. A dotted line represents values from untreated cells. Significance
was determined using two-way ANOVA where overall significance was denoted by a; additional
analyses were performed where appropriate using a Tukey post-hoc test.

Following cocaine exposure (4 h, 100 uM), cells were fixed, and mitochondria were
visualized with mitotracker red (Figure 1e). Alterations in mitochondrial morphology were
observed and marked by a transition from interconnected mitochondria in control cells
to a fragmented and punctate structure. These changes suggest disrupted mitochondrial
dynamics, potentially indicative of increased fission.

2.2. Mitochondrial Function Is Transiently Impaired by Single Cocaine Exposure

As mitochondrial morphology appeared altered by cocaine exposure, mitochondrial
bioenergetics were assessed using the Seahorse mito stress assay. Cells were exposed
to cocaine, and 4 h later, were treated with oligomycin, FCCP, and a combination of
rotenone and antimycin A to target ATP synthase, proton gradient, and complex I function,
respectively (Figure 2). Although the magnitude of the observed changes was small, a
universal negative trend was apparent in all conditions tested (Figure 2b—e). This trend
reached significance for maximal respiration (p = 0.0162, Figure 2c), where increasing
concentrations of cocaine progressively decreased respiration. Mitochondrial bioenergetics
were also measured at 24 h post exposure. However, no effects of the drug were observed
for any of the above metrics even at higher concentrations, suggesting that the impact of
single dose cocaine on mitochondrial function was transient.

O FCCP R/A 20 Basal Respiration

— 40 )

w —_—

o oum [

3 30 1M : 154 ©

x 3uM b

E 10uM ‘=

£ 204 30uM :E 10

[=] 100pM £

g 8 5]

= 10 ot

e« 3]

8 o

(o} 0 0-

0 1 3 10 30 100
Time (minutes) Cocaine concentration (uM)
(a) (b)

Figure 2. Cont.



Int. J. Mol. Sci. 2025, 26,2131 60f16

Max Respiration Spare Capacity
— 30 ¥ -
0 , X = 64
3 | E
S =
£ P
£ £
© °
£ £
& =
[ o
O Q
o o
1 3 10 30 100 1 3 10 30 100
Cocaine concentration (uM) Cocaine concentration (uM)
(©) (d)
ATP Production
— 154
0
©
o )
=
£
£
°
E
=
o
3]
(o]

1 3 10 30 100
Cocaine concentration (M)

(e)

Figure 2. Single dose cocaine transiently impairs mitochondrial bioenergetics. C17.2 cells were

treated with cocaine (1-100 uM), and a bioenergetic profile was established using a Seahorse mito
stress test (a). From the profile, mitochondrial basal respiration (b), maximal respiration (* p =0.0162
for trend) (c), spare respiratory capacity (d), and ATP production (e) were calculated. For all graphs,
data points (N) are representative of 5-8 measurements and are plotted as mean & SEM. A dotted line
represents values from untreated cells. Significance was determined using one-way ANOVA followed
by analysis for trend. O: Oligomycin, FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone,
R/A: Rotenone/Antimycin A.

2.3. Repeated (Three-Day) Exposure to Cocaine Reduces Mitochondrial Reserve

As it is unlikely that drug use occurs in isolation, a repeated cocaine dosing paradigm
was tested, treating cells daily for 3 days before analysis on day 4. Following 3 days of
cocaine exposure (1-100 uM), cell numbers were noticeably reduced compared with the
control, regardless of cocaine concentration (Figure 3a). Three-day cocaine exposure did
not result in changes in mitochondrial morphology or mitochondrial fission/fusion gene
expression (). Mitochondrial bioenergetics were again assessed using Seahorse mito stress
test (Figure 3b). Basal respiration remained largely unchanged (Figure 3c), but, although
maximal respiration was below control levels, the negative trend seen following single
cocaine exposure was now absent (Figure 3d). Interestingly, spare respiratory capacity was
also largely absent in these cells at all concentrations tested (Figure 3e). ATP production
remained impaired at the highest dose compared with untreated cells (p = 0.0106, Figure 3f).
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Figure 3. Three-day repeated low dose cocaine exhausts spare respiratory capacity. C17.2 cells
were exposed to daily cocaine doses (1-100 uM) for three days and analyzed 24 h following the
final treatment. (a) Cells were stained with Hoechst and counted using Fiji v1.54, as previously
described. (b—f) Treated cells were analyzed using a mito stress test for their bioenergetic profile (b).
Values for mitochondrial basal respiration (c), maximal respiration (d), spare respiratory capacity
(e), and ATP production ((f), * p = 0.0106) were established. For all graphs, data points (N) com-
prise means of 4-6 measurements + SEM. A dotted line represents values from untreated cells. A
significant difference was determined using one-way ANOVA followed by Tukey post-hoc analysis
where appropriate.

2.4. Chronic (4-Week) Exposure to Cocaine Results in Adaptation, Recovering Cell Health

Finally, to reflect a chronic exposure paradigm, the study duration was extended. Cells
were treated with cocaine two to three times per week for 4 weeks and analyzed 24 h after
the final treatment. In contrast with the previous treatments, prolonged exposure was not
detrimental to cell survival or proliferation (Figure 4a), and ROS production remained
unaffected (Figure 4b), suggesting that the cells had adapted to the presence of cocaine.

Morphological analysis of cocaine-treated cells (100 uM) revealed no gross changes,
and mitochondrial number remained the same (Figure 4c,d(i)). More detailed mitochondrial
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network analyses suggested that prolonged cocaine exposure resulted in a decrease in

Mitochondria also appeared more clustered around the nucleus following cocaine treatment
(Figure 4c), and this was reflected in the coverage within the cell (Figure 4d(iv)).
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Figure 4. Four-week repeated exposure to cocaine changes mitochondria morphology. C17.2 cells
were treated with cocaine 2-3 times per week for 4 weeks; cell number (a) and ROS production
(b) were analyzed, as previously described. Data points (N) are representative of duplicate or tripli-
cate measurements and are plotted as mean £ SEM. A dotted line represents values from untreated
cells. (c) C17.2 cells were treated with cocaine over four weeks, stained with mitotracker red, and
fixed and mounted in medium containing DAPI. Scale bar denotes 100 um. Inset images show repre-
sentative mitochondrial networks. (d) Images from ¢ were analyzed using a Mitochondrial Network
Analysis (MiNA) plugin in Fiji. Parameters measured included number of individual mitochondria
(i), mitochondrial network number (ii), network size (iii), and mitochondrial footprint (iv). Data
points represent individual cells from three independent experiments and have a non-parametric
distribution. Data are shown in violin plots for distribution, with the median highlighted (blue).

Mitochondrial bioenergetics were also measured (Figure 5a). Surprisingly, the negative
trends which were apparent at single and 3-day treatments were no longer observed, and
all metrics tested showed ranges above control (Figure 5b—e). There were upward and
significant trends in basal respiration (Figure 5b, p = 0.0313) and maximal respiration
(Figure 5c, p = 0.0463) as well as restoration of spare respiratory capacity (Figure 5d.f,
p =0.0086). ATP levels were also increased above control values (1-30 uM) but limited at
the highest concentration (Figure 5e,f, 100 uM).
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Figure 5. Four-week cocaine exposure increases mitochondrial output. (a) C17.2 cells treated with
cocaine for four weeks were analyzed using a mito stress test for their bioenergetic profile. Values for
mitochondrial basal respiration ((b) # p = 0.0313), maximal respiration ((c) #p =0.0463), spare respira-
tory capacity ((d) * p = 0.0086), and ATP production (e) were established. (f) A summary comparison
of the ATP production and spare respiratory capacity over the time period of the study. For all graphs,
data points (N) comprise means of 4 measurements + SEM. A dotted line represents values from
untreated cells. A significant difference was determined using one-way ANOVA. O: Oligomycin,
FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, R/ A: Rotenone/Antimycin A.
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3. Discussion

In this study, we aimed to identify changes in cell health and bioenergetics in an
immature cell line in response to cocaine exposure, comparing acute (single dose) and
chronic (4-week dosing) effects. We found that, while acute exposure impacts cell viability,
ROS, and mitochondrial function negatively, chronic effects become more subtle, suggesting
that the cells may be adapting to the cocaine-rich environment.

The concentration of cocaine used in in vitro studies to reflect the in vivo condition
is always approximated. We examined other in vitro studies to determine our dose range
and identified that there was wide variation in the doses used, ranging from 1 uM to
7 mM, dependent on cell type [31,34-36]. In vivo, in humans, and in preclinical models,
cocaine is rapidly metabolized, and therefore it is difficult to gain a measure of peak
serum concentrations, and there can be large intersubject variation [11]. Measurements
in post-mortem samples of habitual users have provided a range of serum concentrations
from 0.03 uM to 70 uM, and there are reports of human overdose cases where cocaine
concentrations were determined around 1000 uM [38—40]. Computational modeling of
plasma and brain concentrations of cocaine with PET imaging of '“cocaine showed that
brain levels correlate with plasma levels, and the half-life is directly proportional to the
initial concentration in plasma [17]. Here, we initially used a range from 1-1000 pM, but
due to the increased cell death at the highest concentration, we performed the majority
of our experiments with an upper limit of 100 uM, reflective of the published serum
concentrations. In addition, we chose to use an immature neural precursor/stem cell
line C17.2. Previous in vitro studies have utilized primary neurons, glia, or neuronal cell
lines [34], but information on the effects of cocaine on mitochondria in primary neural
stem cells or the developing brain is still lacking, although there are promising studies
in developing zebrafish models where cocaine exposure at the larval stage results in
disrupted brain development, gene expression, and impaired dopaminergic signaling due
to downregulation of expression of the dopamine receptor [41-43]. These data support the
choice of cocaine concentration and cell type used for this study.

Our experiments showed that cell viability was impaired rapidly after initial cocaine
exposure but that this occurred only in concentrations of 100 uM and above. This rapid
death is likely due to necrosis, as apoptotic or other programmed cell death would usually
occur later after insult. No cell loss was observed after long-term exposure, in line with
previously published observations examining 3-week exposure of Neuro2a cells to 600 M
cocaine [31]. The in vitro response to cocaine is also likely to depend on cell type, as
Neuro2a cells are resistant to cocaine toxicity even at 1 mM concentrations [31,44]. This re-
sistance may be due to the cell being able to mount a robust antioxidant defense (including
Nrf2-mediated increases in catalase, glutathione, and glutathione peroxidase [44]), which
may partly be the case for C17.2 cells. We recently compared Nrf2 expression in C17.2 cells
and BV2 cells and found increased expression in the former, providing C17.2 cells with
the means to overcome the environmental insult [45]. This may explain why the increases
in cocaine-mediated ROS observed after single dose administration are not apparent in
repeated dosing paradigms, where there has been time to increase the antioxidant response.
However, this antioxidant upregulation may not be permanent, as impaired antioxidant
capacity is reported in cocaine-dependent adults; blood samples revealed a significant re-
duction in superoxide dismutase contributing to a halving of total antioxidant capacity [46].
In vitro [47,48] and in preclinical cocaine-exposed models [47,49], antioxidant treatment has
resulted in a reduction in oxidative stress and improved outcomes in behavioral tests such
as cocaine-mediated psychomotor sensitization and cocaine-conditioned place preference.

Impairments of mitochondrial function are reported in a number of cell types follow-
ing single cocaine exposure [34]. Here, we found that ATP production is noticeably reduced
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in cells exposed to 100 M cocaine compared with all other concentrations, although the
levels start to recover to control levels in the 4-week paradigm. Similarly, there is a signifi-
cant negative trend in maximal respiration following single dose exposure that is reversed
after 4 weeks of cocaine treatment. Spare respiratory capacity is also impacted; single
dose cocaine reduces and 3 days of treatment almost eliminates spare capacity, but this is
reversed in the 4-week data. The lack of mitochondrial reserve in the 3-day paradigm may
indicate that the cell has been drawing on all its resources to maintain essential biological
functions following a prolonged period of stress [50]. As oxidative stress is not observed
following 4-week cocaine exposure, it is likely that this heavy demand for energy has been
incorporated through an adaptive response, potentially through altered gene expression.
Comprehensive studies have reported differential gene expression in response to acute and
chronic cocaine exposure in both rodent and human brain, highlighting neuroinflammation
and mitochondrial pathway adaptation, among others [29,51,52]. In line with these find-
ings, cocaine-mediated epigenetic modifications have been shown to directly and indirectly
influence mitochondria gene expression and function [53]. Cocaine exposure in human
astrocytes and rodent models altered the expression of various epigenetic factors, including
decreasing the expression of DNA methyltransferases (DNMT)1 and DMNT3a, as well as
ten-eleven translocation enzymes (TET)1-3 [54]. Mitochondrially localized DMNT expres-
sion is changed after cocaine exposure, and these cocaine-induced epigenetic modifications
of the mitochondrial genome result in impaired mitochondrial gene transcription and
alterations in oxidative phosphorylation [54,55]. Again, it is critical that cell type, length of
exposure, and brain region need to be considered, as cocaine-mediated epigenetic modifi-
cation was increased in the nucleus accumbens [56], but some of the subsequent epigenetic
effects of cocaine exposure in this brain region were observed in D2 receptor but not D1
receptor-expressing neurons [53,57]. Cocaine can also influence the methylation of nuclear
genes involved in mitochondrial biogenesis (PGC1a, NRF2 [30]), suggesting an influence
on cellular mitochondrial load.

We observed a trend towards increased mitochondrial network complexity following
prolonged cocaine exposure, in contrast to the fission-like morphology observed following
acute treatments with cocaine. Such reticulated networks would facilitate increased ETC
function and promote ATP production. However, an intriguing candidate for mediating
an alternative adaptive response is proline oxidase (POX), an enzyme localized at the
inner mitochondrial membrane responsible for the catabolism of proline to pyrroline-5-
carboxylate [58]. POX activity generates electrons, fueling ROS or ATP production and
has been previously shown to increase ATP production in SH-SY5Y cells in response to
cocaine exposure [59]. As enhanced ROS is not evident at the 4-week timepoint, it is
possible that this stress-responsive pathway has been triggered, favoring ATP production.
Long-term cocaine self-administration in rats has also identified neuroadaptations; on
abstinence, decreased metabolic activity is observed in the NAc, prefrontal cortex, and
anterior cingulate cortex [60-62]. Longitudinal studies during abstinence also identified
increased metabolic activity in the hippocampus [62]. Although our work is in vitro, it
supports the idea that where brain cells have adapted positively to the presence of cocaine,
its removal from the environment triggers a more significant response in that region. It
would be interesting to determine the metabolic profile of cells in the 4-week paradigm
after a period without cocaine exposure.

4. Limitations of the Study

As with any research, our study has limitations. ROS detection was based on DHE
fluorescence, which primarily measures overall superoxide levels. Using—an assay to
specifically detect mitochondrial ROS would provide a more precise understanding of
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oxidative stress sources. Moreover, mitochondrial morphology analysis relied on fixed-
cell imaging and MiNA network analysis, which limits the ability to capture dynamic
mitochondrial changes. Live-cell imaging with time-lapse microscopy could provide
further insights into real-time alterations in fusion, fission, and trafficking. Although our
study is one of the few to address the impact of cocaine on mitochondria in immature cells,
our study is limited in its findings through the use of a neural stem/precursor cell line,
C17.2. A number of studies have utilized primary neurons or neuronal cell lines, but to
our knowledge, information on the effects of cocaine on mitochondria in primary neural
stem cells or the developing brain is still lacking. Additionally, although we investigated
mitochondrial respiration across time, we have not defined the mechanism leading to
the bioenergetics changes observed. Our previous use of multiomics approaches [63] has
provided a comprehensive snapshot of mitochondrial dysfunction following acute cocaine
administration in 6-week old mice (roughly equivalent to human age 12 years). Taking
a similar multiomics approach to determining pathways altered in the developing fetal
brain in offspring of a cocaine-addicted dam would add significantly to the in vitro work
described here.

5. Materials and Methods

5.1. Cell Culture and Cocaine Treatment

Mouse C17.2 cerebellar neural precursor cell line (ECACC 07062902, male-derived,
passages 12-25) and all media/supplements were from Thermo Fisher Scientific (Lough-
borough, UK). Cells were grown at 37 °C, 5% CO, in Dulbeccos’s modified eagle medium
(DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), 1% peni-
cillin/streptomycin and passaged every 3—4 days. Cocaine hydrochloride (10 mM, Sigma,
St. Louis, MO, USA) was freshly prepared in sterile PBS, filter sterilized, and diluted in
DMEM to the appropriate final concentration (1-100 pM). Chronic exposure was achieved
by growing cells in medium containing cocaine for 4 weeks; the cocaine-containing medium
was refreshed 2-3 times per week.

5.2. ROS Analysis

C17.2 cells were treated with DMEM containing dihydroethidium (DHE, Sigma, 10 uM)
and incubated for 30 min at 37 °C, 5% CO,. Cells were washed with DMEM to remove
unincorporated dye and imaged using a Biotek Cytation platereader (Agilent, Santa clara,
CA, USA). Images were imported into Fiji (Image Jv 1.54), and control images of untreated
cells were used to establish threshold values. Once all images were thresholded, the number
of cells with fluorescence above control were counted.

5.3. Nuclear and Mitochondrial Imaging

Hoechst 33,342 (10 ug/mL final concentration, Sigma, St. Louis, MO, USA) and
Mitotracker Red CMXROS (70 nM, Thermo Fisher) were added to cells seeded on coverslips.
Following incubation (37 °C, 5% CO,, 30 min protected from light), cells were washed and
fixed with 4% paraformaldehyde (PFA, 10 min). Coverslips were washed then mounted on
slides using Prolong™ Diamond Antifade Mountant (Thermo Fisher). Stained cells were
imaged using Nikon confocal AXR microscope (Nikon Instruments Inc., Melville, NY, USA)
using 60 < objective.

5.4. Quantitative Real-Time PCR

RNA was extracted from treated and control C17.2 cells using RNeasy isolation kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. Purified RNA
was eluted in RNase free water before integrity and purity were verified by ND-1000
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spectrophotometer (NanoDrop Technologies Inc., Thermo Fisher Scientific). cDNA was
synthesized from 1 pg total RNA using qScript® cDNA Synthesis Kit (Quantabio, Beverly,
MA, USA) and the following parameters: (i) 22 °C, 5 min (1 cycle) (ii) 42 °C, 30 min
(1 cycle) (iii) 85 °C, 5 min (1 cycle) (iv) 4 °C (hold). Polymerase chain reaction (PCR) assay
was carried out using the following TagMan gene expression assays: Drpl (Mm01342903),
GAPDH (Mm99999915), and OPA1 (Mm01349707_g1) in StepOnePlus real-time PCR system
(Applied Biosystems, Foster City, CA, USA) on a fast mode (40 amplification cycles of 95 °C,
15 s, 60 °C, 1 min). Relative gene expression was analyzed using the 288Ct method [64],
and the data were normalized both to GAPDH and to control, untreated samples.

5.5. Oxygen Consumption Rate (OCR)

Cells were seeded on 96-well Seahorse plates (Agilent) at a concentration of
10,000-20,000 cells per well depending on whether the assay was performed at 48 h or 24 h
post plating, respectively. XF DMEM assay medium (Agilent) was prepared containing
10 mM glucose, 1 mM pyruvate and 2 mM glutamine and used to dilute the mito stress
test (Agilent) reagents for final concentrations of 1.5 uM oligomycin, 1 pM FCCP and
0.5 uM rotenone/0.5 uM antimycin A. The assay was performed on a Seahorse XF Pro
analyzer (Agilent). For normalizing the assay data, the cell number per well was calcu-
lated by incubation with Hoechst (0.2 ng/mL, 30 min, 37 °C). Following incubation, wells
were washed, and fluorescent nuclei were counted using a SparkCyto plate reader (Tecan,
Reading, UK). All data were input and analyzed using the Seahorse Analytics software
(https:/ /seahorseanalytics.agilent.com/#; accessed on 1 September 2024).

5.6. Statistics

Statistical analysis was conducted using Prism Software (v10, GraphPad, Boston, MA,
USA). Data were evaluated for normality (Shapiro-Wilk) and assessed using one-way or
two-way ANOVA and appropriate post hoc tests (shown in figure legends). A p-value
of <0.05 was deemed significant. For C17.2 analysis, biological replicates were defined
as experiments on different passages of cells, and each biological replicate comprised a
minimum of two technical replicates.

6. Conclusions

In this study, we show that cocaine has different effects on mitochondrial function
in neural precursor stem cell line C17.2, dependent on the length of exposure. Longer
exposures to low dose cocaine (<30 uM) results in increased ATP production in the absence
of superoxide production (in contrast with acute exposure), although this falls away at
100 uM exposure. Prolonged exposure may, therefore, result in adaptive responses; such
prolonged exposure may mimic that experienced in utero. Future multiomics analyses
will provide a clearer picture of the bioenergetic adaptations that occur in the developing
brain in response to maternal cocaine use and may be critical in any strategies designed to
promote drug abstinence.
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