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Background: There are increasing reports of the misuse of prescription psychostimulants for cognitive enhancement together with recreational cannabis. This raises a concern that chronic use of cannabis high in Δ9-THC may alter the sensitivity to amphetamines. In this exploratory study we hypothesized chronic exposure to Δ9-THC through vaporized cannabis would diminish the central nervous system (CNS) activity of Adderall.Methods: To address this issue we exposed male and female mice to inhaled vaporized cannabis (10.3% Δ9-THC) or placebo for 30 min each day for ten consecutive days. After 24 h, mice were imaged fully awake for changes in BOLD signal following an IP injection of Adderall (60 µg) during the scanning session. After a 2-week washout, without any cannabis or placebo exposure, mice were again imaged and challenged with Adderall during the scanning session. The data were registered to a mouse 3D MRI atlas with 134 brain regions providing site-specific increases and decreases in global brain activity.Results: Mice exposed to cannabis when compared to placebo showed a decrease in brain activation to Adderall. The blunted Adderall response was characterized by a decrease in positive BOLD signal and increase in negative BOLD. The prefrontal cortex, accumbens, ventral pallidum, caudate/putamen, and thalamus were most affected. After a 2-week wash out there were no significant differences between the cannabis and placebo groups when challenged with Adderall.Summary: This exploratory study shows that short, daily exposures to inhaled cannabis, something equivalent to recreational use, affects the sensitivity to the psychostimulant Adderall. The reduced Adderall effect on brain activity, particularly circuitry associated with dopaminergic signaling raises concerns about escalation in psychostimulant use.Keywords: basal ganglia, functional MRI, awake animal imaging, BOLD, accumbens
INTRODUCTION
Medical emergencies associated to cannabis, the most widely self-administered psychoactive substance in the United States, has increased dramatically over the last decade. The Drug Abuse Warning Network estimated that in 2021, there were over 785,000 drug-related emergency department visits in the United States in which cannabis use was reported in the medical record (SAMHSA, 2022; SAMHSA, 2011). The prevalence of cannabis use coupled with the medical and legal movement to normalize its use in the United States is especially alarming given that a number of deleterious effects, including higher risk of depression, anxiety, addiction, and psychosis (e.g., (Bechtold et al., 2016; Patton et al., 2002; Han et al., 2019; De Aquino et al., 2018), have been associated with early age of initiation, frequency, and duration of use (Volkow, 2016; Volkow et al., 2014a). The fact that polysubstance use and abuse is the norm rather than the exception in the United States (Kidorf et al., 2018; Lee et al., 2018; Leri et al., 2003; Al-Tayyib et al., 2018; Jones and McCance-Katz, 2019; LaRue et al., 2019), has also raised concerns that a history of cannabis use, and abuse might render individuals more susceptible to consuming other psychoactive substances. Indeed, clinical studies have reported that 75% of cannabis users consume other psychoactive drugs during their lifetime and have a 50% higher cumulative risk in their lifetime of abusing other illicit substances (SAMHSA, 2022; SAMHSA, 2011; Secades-Villa et al., 2015). Of particular concern, is the high incidence of cannabis and psychostimulant use amongst adolescent and college students, including prescription psychostimulants like amphetamine (Adderall) that are typically used as medications for treating Attention-deficit/hyperactivity disorder (ADHD) (Lewis and Martinez, 2023; Asante and Atorkey, 2023).
Despite the expansive clinical and preclinical literature on the neurobiological actions of Δ-9-tetrahydrocannabinol (Δ9-THC) – the psychoactive cannabinoid in cannabis (Huestis et al., 2001), remarkably little is known about how a history of cannabis use impacts the neurobiological effects of prescribed psychostimulants like Adderall. As the mesocorticolimbic dopamine (DA) system plays a key role in the abuse-related neurobiological and behavioral effects of psychoactive drugs, including Δ9-THC, these neurobiological substrates continue to be a major focus of research for most psychoactive drugs. There is mounting evidence suggesting a complex neurochemical, behavioral, and pharmacological interaction between DA and the cannabinoid (CB) receptor 1 (CB1) receptor systems in the brain (Maldonado, 2002; Tanda and Goldberg, 2003). However, next to nothing is known about how a history of chronic exposure to Δ9-THC impacts the neurobiological processes involved in subsequent psychomotor stimulant use and abuse. In this regard, in preclinical and clinical studies, an acute dose of Δ9-THC has been reported to elevate DA release in the ventral striatum (Bossong et al., 2009; Gardner, 2005; Lupica and Riegel, 2005; Bloomfield et al., 2016). In monkeys, chronic Δ9-THC exposure increased DA1 and DA2 receptor expression in striatal neurons and altered the primate striatal DA1 and DA2 linked neuron phenotype and signaling (Hasbi et al., 2020). Moreover, some evidence also suggests that heavy, long-term cannabis users manifest reduced DA release following psychostimulant challenge and deficits in DA-related behavioral consequences that conceivably reflect Δ9-THC-induced neuroadaptive changes in DA signaling (Volkow, 2016; Volkow et al., 2014a; Bloomfield et al., 2016). However, the link between levels of chronic Δ9-THC exposure, dysfunctional DA systems, and Δ9-THC-induced functional consequences of prescribed psychostimulant drugs like Adderall remain essentially unknown.
In this exploratory study we used BOLD functional imaging to address the question if chronic exposure to Δ9-THC would affect the sensitivity to Adderall. To make the findings relevant to the human experience, mice were exposed to vaporized, cannabis high in Δ9-THC once daily for 10 days matching blood levels of drug associated with recreational use. Furthermore, mice were imaged while fully awake when given Adderall during the scanning session. Overall, we found that the activation of the reward-related brain regions with strong dopaminergic innervation, including the prelimbic cortex, ventral pallidum, accumbens and thalamus, was dramatically reduced by Adderall in mice with a history of cannabis inhalation. Interestingly, after discontinuation of inhaled cannabis exposure, the Adderall-induced increases in brain activity in these regions was fully restored.
METHODS AND MATERIALS
Animal usage
Approximately 90-day-old female and male C57BL/6J mice (n = 10/sex), weighing between 22–25 g, were procured from Charles River Laboratories (Wilmington, Massachusetts, United States). The mice were subjected to a reverse 12:12 light-dark cycle, with lights turned off at 07:00 h, and were provided with unrestricted access to food and water. All experiments were conducted between 08:00 AM and 06:00 PM to minimize circadian disturbances associated with the light-to-dark transition. The acquisition and care of the mice followed the guidelines outlined in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publications No. 85–23, Revised 1985), adhering to the National Institutes of Health and the American Association for Laboratory Animal Science guidelines. The study protocols adhered to the regulations of the Institutional Animal Care and Use Committee at Northeastern University under protocol # 23-0407R, and the research methods complied with the ARRIVE guidelines for reporting in vivo experiments in animal research (Kilkenny et al., 2010).
Drug preparation and administration
Cannabis exposure
Ten mice (n = 5 female/n = 5 males) were subjected to cannabis with a high Δ9-THC content (10.3% Δ9-THC and 0.05% CBD), while another group of ten mice of females and males received placebo cannabis with less than 0.01% Δ9-THC and 0.01% CBD. The cannabis was sourced from the National Institute on Drug Abuse (NIH/NIDA, Bethesda, MD) through the Research Triangle Institute (Research Triangle Park, NC). The mice were placed in a 38-L exposure chamber (60 cm × 45 cm × 20 cm), equipped with a vapor inflow tube and several small air outflow holes. To familiarize the subjects with the environment and minimize stress, they were acclimated to the exposure chamber for 2 days before exposure.
A Volcano Vaporizer (Storz and Bickel, Tuttlingen, Germany) was employed to heat cannabis plant material below the point of complete combustion, vaporizing the active ingredient (Δ9-THC) and reducing the formation of harmful free radicals like polycyclic aromatic hydrocarbons associated with the combustion of organic plant material. The vaporizer was preheated to approximately 210°C and loaded with 0.450 g of minced cannabis or placebo. Tubing connected the vaporizer to the exposure chamber, and the heating fan ran for a total of 60 s, filling the exposure chamber with vaporized cannabis aerosols. Following 30 min of passive exposure, the mice were removed from the chamber and returned to their cages. This exposure regimen was repeated daily for 10 consecutive days. The amount of minced cannabis used was determined based on prior studies demonstrating that this method produced similar serum Δ9-THC concentrations (130–150 ng/mL) to those observed in human users (Farra et al., 2020; Sadaka et al., 2023). Mice were imaged within 24 h after the last exposure. For the administration of the drug during the imaging session from a distance, a polyethylene tube (PE-20) with an approximate length of 30 cm was inserted into the peritoneal cavity. Each mouse was given an injection of 60 µg of d-l-amphetamine sulfate (Adderall) (Sigma Aldrich) in a volume of 250 µL of saline vehicle during the scanning session. This dose (2.4 mg/kg) was based on previous preclinical studies that have reported changes in cognitive function and cross-sensitization with other stimulants (Santos et al., 2009; Doremus-Fitzwater and Spear, 2011; Sherrill et al., 2013). Mice were returned to their home cages following imaging and left undisturbed for 2 weeks. After this “washout” period they were imaged again and challenged with an IP injection of Adderall.
Awake mouse imaging and acclimation
A comprehensive account of the awake mouse imaging system and the acclimation procedure are detailed elsewhere (Ferris et al., 2014). Mice are acclimated for 1 week prior to imaging. Notably, we utilized a quadrature transmit/receive volume coil with a diameter of 38 mm, offering both high anatomical resolution and a superior signal-to-noise ratio for voxel-based BOLD fMRI. Additionally, the mouse holder’s distinctive design from Ekam Imaging (Boston, MA) ensured complete head stabilization within a cushioned helmet, reducing discomfort associated with conventional ear bars and restraint systems commonly employed for immobilizing the head during awake animal imaging (Ferris, 2022). A visual representation of the mouse setup for awake imaging can be viewed at http://www.youtube.com/watch?v=W5Jup13isqw.
Acclimation
One week before the initial imaging session, all mice underwent a familiarization process with the head restraint and the sounds typical of the scanner. Initially, mice were gently secured in the holding system under 1%–2% isoflurane anesthesia. After regaining consciousness, the mice were positioned in a simulated MRI scanner setting for a duration of up to 30 min. This environment resembled a “mock MRI scanner” enclosed in a black box, featuring an audio recording of MRI pulses. The acclimation procedure was repeated daily over four consecutive days to mitigate autonomic nervous system-induced effects during awake animal imaging. Such effects include alterations in heart rate, respiration, corticosteroid levels, and motor movements. The overarching aim was to enhance contrast-to-noise ratios and improve image quality (King et al., 2005). Other research groups have alternatively emphasized more prolonged acclimation periods to minimize stress during awake imaging (Ferris, 2022; Stenroos et al., 2018; Chang et al., 2016).
Motion artifact
The awake mouse restraining system combined with acclimation can minimize motion artifact. Supplementary Figure S1 shows the motion artifact as a mean and SE for each of the 250 image acquisitions for all 10 subjects in the two experimental groups–placebo plus Adderall and cannabis plus Adderall. Adderall given to mice exposed to vaporized placebo showed no motion in any orthogonal direction outside 50 um (±) (5.000E-02). The in-plane resolution of a single voxel in this study is ca 187 um2. These data show the restraining system, head holder and acclimation procedure effectively minimize any increase in motor activity that may be caused by Adderall. When mice are exposed to vaporized cannabis daily for 10 days and then withheld for 24 h–there is increased motion in X and Y due to slight rotation of the head, hence the mirror image of the red and black lines. These spikes between 60–70, 91–101 and plateau starting at 141 reach 100 um (±) (1.000E-01) are just over ½ of a voxel dimension. These changes are judged to be acceptable as most correction algorithms can adjust for motion artifact when movement is below the size of a voxel. The difference between the two experimental conditions is noteworthy because it may reflect withdrawal from chronic cannabis exposure, something not reported in the preclinical imaging literature. We observed a similar increase in motion artifact in another study following a 24 h hiatus from chronic oxycodone exposure (Iriah et al., 2019). In that case the motion exceed the dimensions of a voxel and the data were unusable. In the absence of additional data, this is purely speculative and will require further research.
BOLD image acquisition and pulse sequence
Experiments were conducted using a Bruker Biospec 7.0T/20-cm USR horizontal magnet (Bruker; Billerica, MA) and a 2 T/m magnetic field gradient insert (ID = 12 cm) capable of a 120-µsec rise time (Sadaka et al., 2021). At the beginning of each imaging session, a high-resolution anatomical data set was collected using the rapid acquisition relaxation enhancement (RARE) pulse sequence (RARE factor 8); (18 slices; 0.75 mm; field of view (FOV) 1.8 cm2; data matrix 128 × 128; repetition time (TR) 2.1 s; echo time (TE) 12.4 ms; Effect TE 48 ms; number of excitations (NEX) 6; 6.5 min acquisition time). Functional images were acquired using a multi-slice Half Fourier Acquisition Single Shot Turbo Spin Echo (HASTE) pulse sequence (RARE factor 53); (18 slices; 0.75 mm; FOV 1.8 cm; data matrix 96 × 96; TR 6 s; TE 4 ms; Effective TE 24 ms; 25 min acquisition time; in-plane resolution 187.5 µm2). This spatial resolution is enough to delineate the bilateral habenula (ca 4-5 voxels for each side) but not between lateral and medial habenula. The lateral habenula is involved in coordinating a response to aversive stimuli by affecting activity in the ventral tegmental area and substantia nigra (Stamatakis and Stuber, 2012). The medial habenula has no such role. We hold the habenula up as an example of the spatial limitations of preclinical fMRI. Each functional imaging session consisted of uninterrupted data acquisitions (whole brain scans) of 250 scan repetitions or acquisitions for a total elapsed time of 25 min. The control window included the first 50 scan acquisitions (18 slices acquired in each), covering a 5 min baseline. Following the control window, an I.P. injection of Adderall was given followed by another 200 acquisitions over a 20 min period.
Imaging data analysis
The impact of Adderall on brain activity was measured by quantifying positive and negative percent changes in the BOLD signal compared to the baseline. Initial analyses of signal changes in individual subjects involved comparing image acquisitions 125–225 to the baseline 1–45. The statistical significance of these changes was evaluated for each voxel (approximately 15,000 per subject in their original reference system) using independent Student t-tests, employing a 1% threshold to account for normal fluctuations of the BOLD signal in the awake rodent brain. The steps taken to control for multiple t-tests and false-positive detections have discussed in detail in previous studies (Sadaka et al., 2023; Sathe et al., 2023). Voxel-based percent changes in the BOLD signal, generated for individual subjects, were aggregated across subjects within the same group to construct representative functional maps. Image registration, alignment, and percentage change in BOLD signal for each voxel using a 3D Mouse Brain Atlas© with 134 segmented and annotated brain regions (Ekam Solutions; Boston, MA) has been described in previous studies (Sadaka et al., 2023; Sathe et al., 2023). The Kruskal-Wallis test statistic was employed to compare the number of activated voxels in each of the 134 regions between the placebo and cannabis groups.
RESULTS
Tables reporting the positive and negative volumes of activation, i.e., number of voxels activated for all 134 brain areas for placebo and cannabis are provided in Supplementary Tables S1A, B. When the data from both groups are collapsed and separated in males and females there are no significant differences between sexes (Supplementary Material S1). There was a significant decrease in positive volume of activation following Adderall injection in mice with a history of cannabis exposure as shown in Table 1. This Adderall response affected 32/134 brain regions. These areas are ranked in order of their significance. Reported is the average (Ave) and standard error (SE) for placebo and cannabis groups together with probability values and the omega square (ω Sq) for effect size. The critical value was set at p < 0.05. A false discovery rate (FDR) for multi-comparisons gave a significant level of p = 0.046. The thalamus showed reduced activity with Adderall e.g., anterior pretectal, posterior, ventral, lateral posterior and central medial nuclei. Also affected were brain areas associated with the ascending reticular activating system and brain arousal e.g., medullary reticular n., pontine reticular n., parabrachial n. and gigantocellularis reticularis. It should also be noted that the accumbens and ventral pallidum, brain areas with dopaminergic efferent connections from the ventral tegmental area showed decreased activation with Adderall. The location of these areas and others from Table 1 are shown in 2D statistical heat maps in Figure 1.
TABLE 1 | Positive BOLD volume of activation: Adderall challenge (number of positive voxels).
[image: Table 1][image: Figure 1]FIGURE 1 | Statistical heat maps. Shown are 2D statistical heat maps for positive BOLD volume of activation (red) and negative BOLD volume of activation (blue). The areas shown were significantly different between mice exposed to placebo or cannabis and challenged with Adderall. The 3D color coded reconsrtuctions are a summary of the signficanlty affected areas from the 2D maps. ctx: cortex, n. nucleus.
Shown in Table 2 are the changes in negative volume of activation. There were 42/134 brain areas that showed a significant increase in negative BOLD volume of activation (FDR = 0.058). Several of these areas matched those in Table 1 e.g., prelimbic ctx, bed n. stria terminalis, dentate gyrus. Again the thalamus was well represented in addition to the prefrontal ctx, e.g., orbital, anterior cingulate, frontal association, prelimbic and 2nd motor cortices. The olfactory system also showed an increase in negative BOLD volume of activation e.g., glomerular layer of the olfactory bulb, anterior olfactory n., piriform cortices, and cortical amygdala.
TABLE 2 | Negative volume of activation: Adderall challenge (number of negative voxels).
[image: Table 2]Shown in Figure 1 are the anatomical localization of the areas listed in Tables 1, 2. The coronal sections are statistical heat maps labeled as sections a.- h. and arranged from rostral (top) to caudal (bottom). Light blue denotes the location of cerebroventricles and yellow denotes white matter tracts. The left side (red highlights) shows brain areas that had a decrease in positive BOLD signal with Adderall treatment while the right side shows areas that had an increase in negative BOLD with Adderall treatment. Together, this pattern of BOLD signal change would indicate chronic exposure to cannabis reduces the stimulant activity of Adderall. Sections (a. and b. left and right) highlight changes in the prefrontal cortex, e.g., 2nd motor, orbital, frontal association, prelimbic and insular cortices and the forceps minor, white matter projections to the prefrontal ctx. Section (c. left and right) highlights the accumbens core, ventral pallidum and caudate, all areas with dopaminergic efferent connections from the ventral tegmental area. Sections (d. and e. left and right) show the many thalamic areas affected by Adderall treatment. Sections (e. and f. left and right) highlights the hippocampus e.g., CA3, subiculum and dentate gyrus. Sections (g. and h.) show pons and brainstem. The 3D color coded reconstructions summarize the data from Tables 1, 2.
Shown in Figure 2 are time series of percentage change in BOLD signal over the 25 min scanning session for mice exposed to chronic placebo and challenged with Adderall before (black line) and after (blue line) the 2-week washout and mice exposed to chronic cannabis and challenged with Adderall before (gray line) and after (red line) washout. These time series were generated by averaging the BOLD signal at each image acquisition from the accumbens, caudate/putamen and ventral pallidum, areas comprising the basal ganglia highlighted in Tables 1, 2. Each mouse from each experimental condition (n = 9 for chronic cannabis; n = 10 for chronic placebo) was represented in the time series. Adderall was injected (arrow) at 5 min (50 acquisitions). The 1% threshold is highlighted by the black line to account for the normal fluctuations in BOLD signal in the awake mouse brain. A two-way ANOVA showed a significant interaction between time and experimental condition for placebo/Adderall vs. cannabis/Adderall [F (249, 18,177) = 8.979, p < 0.0001]. There were no significant differences between experimental conditions after washout (See Table 3).
[image: Figure 2]FIGURE 2 | Change in BOLD signal over time. Shown are time series of percentage change in BOLD signal over the 25 min scanning session (250 image acquisitions) for mice exposed to chronic placebo and challenged with Adderall before (black line) and after (blue line) the 2-week washout and mice exposed to chronic cannabis and challenged with Adderall before (gray line) and after (red line) washout. These time series were generated by averaging the BOLD signal at each image acquisition from the accumbens, caudate/putamen and ventral pallidum, areas comprising the basal ganglia. Adderall was injected (arrow) at 5 min (50 acquisitions). The 1% threshold is highlighted by the black line to account for the normal fluctuations in BOLD signal in the awake mouse brain.
TABLE 3 | Two-week washout: Positive and negative BOLD volume of activation with Adderall challenge. (Number of positive and negative voxels).
[image: Table 3]DISCUSSION
The global use of cannabis and amphetamines is an international public health problem (UNODC, 2016). Amongst adolescent and college students there is a high incidence of cannabis and amphetamine use (Lewis and Martinez, 2023; Asante and Atorkey, 2023). Considering the combined use of stimulants to enhance cognitive performance with the recreational use of cannabis, we sought to evaluate how chronic cannabis use will impact Adderall-induced changes on brain activity. Remarkably, we found that the effects of Adderall on BOLD functional activity in reward-related brain regions (e.g., prelimbic cortex, ventral pallidum, accumbens, and thalamus) was completely abolished in both male and female mice exposed to cannabis compared to placebo. However, after a 2-week discontinuation of Δ9-THC, both the Δ9-THC- and placebo-exposed mice showed robust and comparable Adderall-induced functional brain activity changes in these reward-related regions. Given the importance of DA in the effects of psychomotor stimulants, our data suggest that Δ9-THC use likely triggers neurobiological adaptations that switch the DA reward-related brain regions off, rendering them unresponsive to Adderall, and that discontinuation of Δ9-THC use “reactivates” these brain regions leading to a restoration of Adderall’s responsiveness.
There have been numerous BOLD imaging studies in rats following changes in brain activity with amphetamine or methylphenidate (Ritalin) challenge (Easton et al., 2009; Easton et al., 2007; Preece et al., 2007; Chen et al., 1997; Dixon et al., 2005). While all these studies have been conducted under anesthesia, they report activation in the accumbens, caudate/putamen, thalamus and prefrontal cortex as demonstrated in this study on awake mice. Studies on human volunteers show amphetamine enhances activity in the prefrontal cortex and striatum through a DA mechanism (Slifstein et al., 2015; O’Daly et al., 2014). Psychostimulants enhance cognition and attention by activating the prefrontal cortex and the extended frontostriatal circuit (Spencer et al., 2015). In an earlier study, we treated juvenile rats with methylphenidate or amphetamine through the peripubertal period and discovered that the normal functional connections between the striatum, sensorimotor cortices and prefrontal cortex were reduced (Demaree et al., 2021). To the best of our knowledge, this is the first MRI study of chronic Δ9-THC exposure and discontinuation on mice, awake or anesthetized, challenged with amphetamine.
It is noteworthy that all substances of abuse impact the functioning of brain regions with strong dopaminergic innervation, causing neuroadaptive alterations associated with drug reinforcement (Koob and Volkow, 2016). Prolonged cannabis use heightens the susceptibility to substance abuse and dependence (Volkow et al., 2014b; Ramesh et al., 2011). Cannabis has the shortest duration from first use to dependence, and earlier onset of use presents an elevated risk for developing dependence (Behrendt et al., 2009). There is ample evidence that the effects of chronic exposure to Δ9-THC on tolerance and dependence is due to cannabinoid (CB) receptor 1 (CB1) downregulation/desensitization in specific regions of the brain (Panagis et al., 2008; Singh et al., 2011; McMahon, 2011). Studies in humans have shown that frequent exposure to CB1 agonists such as Δ9-THC leads to physical dependence and withdrawal (Panagis et al., 2008; Singh et al., 2011; McMahon, 2011; Haney et al., 1999; Budney et al., 2004; Beardsley et al., 1986; Desai et al., 2013; Stewart and McMahon, 2010). Continuous exposure to Δ9-THC in mice and rat’s results in physical dependence as well (Manwell et al., 2014; Wilson et al., 2006; Bruijnzeel et al., 2016). Research by Freels and colleagues demonstrated that vaporized cannabis extracts possess reinforcing properties, supporting conditioned drug-seeking behavior in rats (Freels et al., 2020). In previous experiments, we exposed both young adult and elderly mice to daily inhaled vaporized cannabis for two to three consecutive weeks. Utilizing voxel-based morphometry and diffusion-weighted imaging, we observed structural changes in the midbrain dopaminergic system (Sadaka et al., 2023; Taylor et al., 2023). The responsiveness of these brain areas to Δ9-THC aligns with findings in preclinical literature (Kolb et al., 2006; Madularu et al., 2017).
In the present study, using BOLD functional imaging, we find the enhanced change in signal to Adderall is abolished in mice exposed to chronic inhaled cannabis. To be clear, when comparing the Adderall response in mice with a history of placebo and history of cannabis the positive volume of activation–the increase in number of positive BOLD voxels–decreased indicating that Adderall is less effective in stimulating brain activity. This decrease in brain activity to Adderall in mice with a history of cannabis exposure is complimented by an increase in negative BOLD volume of activation as these voxel numbers rise. In this case, Adderall is presumably reducing brain activity and decreasing blood flow. The accumbens, ventral pallidum and caudate/putamen, targets of DA efferents from the midbrain DA neurons, show reduced sensitivity to Adderall. This blunted response to Adderall also included the prefrontal cortex and thalamus. As we noted earlier, there is no established link between cannabis and amphetamine that could explain these results. The most plausible explanation is disruption in DA signaling. Indeed, the heightened motion artifact in the cannabis group as compared to placebo would be evidence to that effect. What was most interesting is the presumed flexibility, in that, following a 2-week discontinuation of cannabis exposure, the Adderall-induced changes in brain activity in the reward-related regions was fully restored, presumably due to a restoration of activity within the DA system. There is precedent for this flexibility in the DA system as reported in old mice exposed to vaporized cannabis for 4 weeks. Voxel based morphometry showed the areas comprising the DA system were smaller as compared to placebo. However, after a 2-week washout these measures of brain volume were reversed–now larger than placebo (Sadaka et al., 2023).
Data interpretation, limitations, considerations, and future studies
We recognize that the findings presented in this study raises several important and fundamental questions regarding chronic Δ9-THC exposure and psychomotor stimulant use and abuse. For example, Adderall is believed to enhance cognitive function in the prefrontal cortex (PFC) by inhibiting the reuptake of monoamines, including DA, serotonin, and norepinephrine (Easton et al., 2009; Easton et al., 2007), thereby increasing neurotransmission of these chemical signals (Preece et al., 2007; Chen et al., 1997). It is worth noting, that these initial neuroimaging studies were designed to document changes in brain activity in reward-related brain regions rather than changes in monoamine levels, which would require another level of analysis (e.g., in vivo microdialysis) that was beyond the scope of this work. Although speculative in the absence of additional neurochemical data, the present findings suggest that short-term monoamine adaptations, especially in DA activity, are likely to occur in the reward-related brain regions. Also, the relationship between structural changes in the DA-related system due to chronic Δ9-THC exposure, subsequent Adderall use, and cognitive function remains unclear. While the sensitivity to Adderall was significantly affected by chronic cannabis exposure, here we did not evaluate disruptions in cognitive performance and therefore it would be difficult for us to speculate how chronic Δ9-THC and/or Adderall use impacts cognitive processes.
The observation that Adderall’s responsiveness on brain activity was fully restored following cessation of Δ9-THC was surprising and somewhat remarkable. At present, it is unclear whether this reflects neuroplasticity per se, given that chronic Δ9-THC leads to differential tolerance or cross-tolerance among CB1-agonists across various behavioral, pharmacological, and physiologic endpoints that may reflect regional differences in CB1 receptor downregulation/desensitization in the CNS and/or pharmacological efficacy. Studies in humans and laboratory animals have also shown that frequent exposure to CB1 agonists such as Δ9-THC leads to physical dependence and withdrawal. Although mounting evidence suggests that complex neurochemical, behavioral, and pharmacological interactions exists between DA–CB1 receptor systems in the brain, few studies have directly investigated the interplay between these systems, and next to nothing is known about how a history of heavy chronic exposure to Δ9-THC impacts subsequent stimulant neurobiology in both sexes. Of interest, one interpretation of our data may be that neuroadaptations in dopaminergic activity may offer the opportunity for pharmacological interventions for substance use disorders; however, such an interpretation would be speculative as these experiments have not yet been conducted. An important consideration regarding our observed data is whether greater levels of cannabis exposure cause more long-term neuroadaptive changes in DA system that cannot be restored. Additional studies are needed to fully address these issues. To that end, postmortem histology studies would have helped to identify these changes at a molecular level within the monoamine systems in reward-related brain areas.
What would the Adderall effect have been if it followed a single exposure to vaporized cannabis? It would have been interesting to see how cannabis and Adderall interacted if they had been given together on a daily schedule for a prolonged period. The presentation of Adderall 24 h after a single exposure to inhaled cannabis would not be expected to interfere with the stimulant activities of this drug. The developmental studies we have reported in the literature giving cannabis for 2–3 weeks alters the DA system. There is no evidence this happens with a single exposure of cannabis.
With the legalization of cannabis in much of the US, its recreational use can be a daily routine among many individuals. Moreover, 75% of cannabis users consume other drugs of abuse and have a 50% higher cumulative risk in their lifetime of abusing other addictive substances. Indeed, it is common practice for individuals that use cannabis in high school, college, professional schools, and on the job to also use psychomotor stimulants [e.g., Adderall; amphetamines] either recreationally or therapeutically for treating ADHD and narcolepsy. Although both cannabis and psychomotor stimulant polysubstance misuse is the norm rather than the exception, remarkably little is known about how exposure to Δ9-THC with intermittent use of Adderall (i.e., recreational scenario), vs. chronic exposure of Δ9-THC together with Adderall (i.e., therapeutic scenario) will, respectively, produce short- and long-lasting adaptations in DA-related neuroimaging and neurochemical signatures to impact cognition. Additional studies are needed to meaningfully address this issue.
Finally, blood concentrations of Δ9-THC were not specifically gauged but were presumed to be similar to those reported in our prior studies using male and female mice who underwent inhalation in a chamber using the vaporization technique with a 10.3% Δ9-THC cannabis mass (Sadaka et al., 2023). It is possible that the daily exposure to cannabis may have altered the pharmacokinetics of Δ9-THC, such that a 24 h discontinuation may not have been sufficient to eliminate Δ9-THC from brain and blood. Also, the Adderall effect would have the confound of Δ9-THC on-board. Moreover, we did not measure plasma levels of amphetamine and show the equivalence to human usage as we did for Δ9-THC.
SUMMARY
This study provides clear evidence that the single exposure to cannabis each day for several days reduces the effect of Adderall on the prefrontal cortex, ventral striatal/caudate putamen, sensorimotor circuit. The use of vaporized cannabis that presumably produces blood levels of Δ9-THC found in humans following smoked cannabis for recreational use reflects the human experience. These data have important clinical implications and inform the public regarding the risk of combining the recreational use of cannabis with psychostimulants to enhance cognitive performance or in the treatment of ADHD.
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