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Different effects of prenatal MAM 
vs. perinatal THC exposure on 
regional cerebral blood perfusion 
detected by Arterial Spin Labelling 
MRI in rats
Eva Drazanova1,2, Jana Ruda-Kucerova  1, Lucie Kratka2,3, Tibor Stark  1, Martin Kuchar4, 
Michal Maryska  4, Filippo Drago5, Zenon Starcuk Jr.2 & Vincenzo Micale5,6

Clinical studies consistently report structural impairments (i.e.: ventricular enlargement, decreased 
volume of anterior cingulate cortex or hippocampus) and functional abnormalities including 
changes in regional cerebral blood flow in individuals suffering from schizophrenia, which can be 
evaluated by magnetic resonance imaging (MRI) techniques. The aim of this study was to assess 
cerebral blood perfusion in several schizophrenia-related brain regions using Arterial Spin Labelling 
MRI (ASL MRI, 9.4 T Bruker BioSpec 94/30USR scanner) in rats. In this study, prenatal exposure to 
methylazoxymethanol acetate (MAM, 22 mg/kg) at gestational day (GD) 17 and the perinatal treatment 
with Δ-9-tetrahydrocannabinol (THC, 5 mg/kg) from GD15 to postnatal day 9 elicited behavioral deficits 
consistent with schizophrenia-like phenotype, which is in agreement with the neurodevelopmental 
hypothesis of schizophrenia. In MAM exposed rats a significant enlargement of lateral ventricles and 
perfusion changes (i.e.: increased blood perfusion in the circle of Willis and sensorimotor cortex and 
decreased perfusion in hippocampus) were detected. On the other hand, the THC perinatally exposed 
rats did not show differences in the cerebral blood perfusion in any region of interest. These results 
suggest that although both pre/perinatal insults showed some of the schizophrenia-like deficits, these 
are not strictly related to distinct hemodynamic features.

Schizophrenia (SCZ) is a debilitating mental illness condition affecting both brain structure and function1. 
A meta-analysis of clinical studies confirmed consistently reported progressive ventricular (lateral and third) 
enlargement, along with decreased volume of amygdala, anterior cingulate cortex, frontal and temporal lobes, 
hippocampus and thalamus2. These changes are paralleled by functional abnormalities detected by neuroimaging 
methods. A meta-analysis of functional neuroimaging studies employing nuclear medicine imaging techniques 
(PET, SPECT) or blood-oxygen level determination MRI reported reduced activation in the insula/superior tem-
poral gyrus and the medial frontal/anterior cingulate cortex in SCZ suffering patients. Noteworthy, these changes 
were partly worsened by antipsychotic treatment1. The ASL MRI approach represents a quantitative method 
for measuring actual cerebral blood flow (CBF), which could be used as a marker for the functional state of the 
brain tissue in both human and animal studies3,4. However, previous ASL studies in SCZ suffering individuals are 
characterized by contradictory findings (i.e.: increased, decreased or no difference in the CBF) based on different 
stages of the disease, on the selection of brain regions of interest (ROIs), severity of symptoms, pharmacological 
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treatment, and last but not least on patients recruitment5–7. Conversely, the standardized conditions in preclin-
ical investigation, despite its limits per se, allow to assess both the development of SCZ-like symptoms and the 
potential effect of antipsychotic treatment independently on CBF, which is not easy achievable in clinical research.

Currently, the neurodevelopmental hypothesis of SCZ is widely accepted8,9 and several animal models based 
on prenatal environmental insults [i.e.: polyinosinic:polycytidylic acid: poly(I:C), methylazoxymethanol (MAM) 
acetate] have been developed and well validated10,11. Furthermore, increasing evidence from both preclinical 
and human studies suggests that the heavy use of THC during pregnancy could increase the risk of develop-
ing neuropsychiatric disorders at adulthood, including SCZ12–16. However, human studies, in particular those 
using retrospective evaluations, have some limitations because of the vast heterogeneity of cannabis intake17. 
Hence, research with laboratory animals enables the study of specific effects of cannabinoids during early stages 
of development. Importantly, the pre/perinatal period may be a stage of particular vulnerability, which allows the 
assessment of long lasting effects of THC in the development of neuropsychiatric-like disorders in adulthood12–14.

There is an almost complete lack of functional neuroimaging studies in animal models of SCZ (or animal 
model of psychopathology), therefore, the aim of this study was to assess potentially altered CBF in several 
SCZ-related brain regions using (1) a validated neurodevelopmental model of SCZ induced by the prenatal MAM 
exposure and (2) the perinatal treatment with THC potentially leading to a SCZ-like phenotype. We have selected 
the ROIs according to our previous study where we have observed a significant enhancement of perfusion in the 
circle of Willis, the hippocampus and the sensorimotor cortex in the poly(I:C) neurodevelopmental model of 
SCZ18. The circle of Willis was included as a region that reflects blood perfusion in the whole brain18,19. We have 
further assessed two other brain regions highly relevant for SCZ – the anterior cingulate cortex which is part of 
the prefrontal cortex1,20,21 and the striatum, i.e. the caudate putamen2,22,23.

Material and Methods
Animals. Timely mated female albino Sprague-Dawley rats were purchased from Charles River (Germany) 
at gestational day (GD) 13 and housed individually. They were randomly assigned to the MAM or the THC 
experimental group. Environmental conditions during the whole study were constant: relative humidity 50–60%, 
temperature 23 °C ± 1 °C, normal 12-hour light-dark cycle (light on 7 a.m. to 7 p.m.). Food and water were avail-
able ad libitum. All procedures were performed in accordance with EU Directive No. 2010/63/EU and approved 
by the Animal Care Committee of the Faculty of Medicine, Masaryk University, Czech Republic and the Czech 
Governmental Animal Care Committee, in compliance with Czech Animal Protection Act No. 246/1992.

Drugs. Methylazoxymethanol acetate (MAM; Midwest Research Institute, Kansas City, USA) was dissolved in 
saline and administered intraperitoneally at a dose of 22 mg/kg in 1 ml/kg volume on GD 17. Saline was injected 
to the control (CTR) group as vehicle.

Δ-9-tetrahydrocannabinol (THC, 10 mg/ml in ethanol solution) was obtained from University of Chemistry 
and Technology, Prague24. THC was prepared according to the published procedure from cannabidiol (4.00 g, 
12.7 mmol) as light brown thick oil (2.04 g, yield 51%). The purity of THC (as determined by HPLC) was 97.2%. 
The starting material cannabidiol (purity 99.7%) has a natural origin and was isolated from the plant Cannabis 
Sativa L.25. For oral administration THC was dissolved in sesame oil (5 mg/kg in 1 ml) and prepared as previously 
described26. Sesame oil was administered to the CTR group as vehicle.

Experimental models. Prenatal MAM exposure model. The MAM model was induced as previously 
described27–32. Briefly, MAM (22 mg/kg; i.p.) or vehicle (CTR: saline) were administered intraperitoneally on 
GD 17. No cross-fostering was used, the mothers were regularly weighted and no differences in the body weight 
gains were observed between CTR and MAM treated dams. Furthermore, prenatal MAM exposure did not affect 
pregnancy length, litter size at birth, pup weight gain, and postnatal mortality (data not shown). The offspring 
were weaned on postnatal day (PND) 22 and housed in groups of 2–3. The behavioral tests and MRI scanning 
were performed in male offspring at adulthood (4 months of age). There were 8 CTR rats from 5 different litters 
and 6 MAM-exposed rats from 4 litters.

Perinatal THC exposure model. The perinatal THC exposure was performed as previously described33,34. 
Pregnant rats received a daily dose of 5 mg/kg THC or vehicle (CTR: sesame oil) administered through an oral 
gavage from GD 15 to PND 9. The administered dose is equivalent to the current estimates of moderate exposure 
to THC in humans, correcting for differences in the route of administration and the body surface area26. No 
cross-fostering was used, the mothers were regularly weighed and no differences in the body weight gains were 
observed between the CTR and the THC treated dams. Furthermore, the perinatal exposure did not affect preg-
nancy length, litter size at birth, pup weight gain, and postnatal mortality (data not shown). The offspring were 
weaned on PND 22 and housed in groups of 2–3. The behavioral tests and MRI scanning were performed in male 
offspring at adulthood (6 months of age). There were 10 CTR rats from 3 different litters and 10 THC-exposed 
rats from 4 litters.

Behavioral testing. Social interaction test (SIT). The test was carried out in a moderately illuminated 
room, as previously described32,35. Each animal was allowed to freely explore an unfamiliar congener in a metal 
arena (60 × 60 × 60 cm) for 10 min. The arena was cleaned with 0.1% acetic acid and dried after each trial. Social 
behaviors were defined as sniffing, following, grooming, mounting, and nosing. The whole testing phase was 
recorded and analyzed by two observers blind to the treatment groups who scored the time spent in social behav-
iors and the number of interactions.
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Novel object recognition test (NORT). The experimental apparatus used for the NOR test was an arena 
(45 × 45 × 30 cm) made of Plexiglas, placed in a moderately illuminated room. As previously described32,35, each 
animal was placed in the arena and allowed to explore two identical previously unseen objects for 5 min (famil-
iarization phase). After an inter-trial interval of 3 min, one of the two familiar objects was replaced by a novel, 
previously unseen object and rats were returned to the arena for the 5 min test phase. During the test phase, the 
time spent exploring the familiar object (Tf) and the new object (Tn) was videotaped and analyzed separately by 
two observers blind to the treatment groups, and the discrimination index was calculated as follows: discrimina-
tion index =

−

+

( )
( )
T T

T T

n f

n f

. The arena and all objects were cleaned with 0.1% acetic acid and dried after each trial.

Magnetic resonance imaging. All animals were scanned once. The ROIs were selected based on high 
relevance for SCZ1,18,19,21–23,36,37 (Figs 1 and 2), together with the need of assessing two slices of the brain. The first 
slice was positioned at +1.6 mm from bregma and the second selected slice was positioned at −3.14 mm from 
bregma38. The anatomical slice positioned at −3.14 mm from bregma was also used for lateral ventricles (Fig. 3) 
quantification. The selection of two slices allowed for short time of MRI examination and a relatively short gen-
eral anesthesia (approximately 40 minutes) which is unlikely to induce any strong brain perfusion aberrations39.

Figure 1. ASL image in the MAM model. The figure shows anatomical (T2 weighted) images in the top part, 
the delineation of regions of interest for the ASL analysis (central part) and perfusion map (bottom part) in one 
representative animal from each CTR and MAM exposed group. ROIs are numbered as follows. At +1.6 mm 
position from bregma: 1 – prefrontal cortex, 2 – caudate putamen; at −3.14 mm position from bregma:  
3 – sensorimotor cortex, 4 – hippocampus, 5 – circle of Willis.

Figure 2. ASL image in the THC model. The figure shows anatomical (T2 weighted) images in the top part, 
the delineation of regions of interest for the ASL analysis (central part) and perfusion map (bottom part) in one 
representative animal from each CTR and THC exposed group. ROIs are numbered as follows. At +1.6 mm 
position from bregma: 1 – prefrontal cortex, 2 – caudate putamen; at −3.14 mm position from bregma:  
3 – sensorimotor cortex, 4 – hippocampus, 5 – circle of Willis.
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MRI was performed on a 9.4 T Bruker BioSpec 94/30USR scanner with 2 × 2 surface array rat head received 
coil and a volume transmitter coil. The measurement was conducted under 2% isoflurane anesthesia and 
1000 ml/min of oxygen. The animals were laid on a thermal pad and their body temperature and respiratory 
curve were monitored during the measurement process. T2-weighted anatomical images were taken using the 
RARE sequence with TR = 3500 ms, TE = 36 ms, FOV 40.3 mm × 30.5 mm, image matrix 256 × 256. Fifteen axial 
slices with thickness of 1.25 mm were acquired; and the slices covered the brain from the root of the olfactory 
bulbs to the cerebellum. These anatomical images provided information for the lateral ventricles area evaluation 
and the background for the selection of an axial slice suitable for the ASL sequence, for which the prefrontal 
cortex, sensorimotor cortex, piriform cortex, hippocampus, caudate putamen and the circle of Willis were the 
ROIs (depicted in Figs 1 and 2). In these measurements, one axial slice with a thickness of 1.25 mm was imaged 
with a FAIR-RARE, which sequence was applied with TR = 10000 ms, TE = 37.78 ms, TI stepped through 30, 
50, 100, 200, 300, 500, 700, 900, 1000, 1100, 1500, 1800, 2200, 2800, 3200 ms, FOV 40.3 mm × 30.5 mm, image 
matrix 128 × 96, adiabatic inversion pulse length 16 ms, bandwidth 4866.2 Hz, inversion slab thickness 5 mm. By 
repeating the measurement twice, with slice-selective and nonselective inversion, two images were obtained, from 
which the perfusion map was calculated according to the following Equation4.
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where CBF is the CBF (usually expressed in mL/min in 100 g of tissue), λ is the blood-brain partition coefficient, 
expressing the ratio of the quantity of water per gram of tissue to the quantity of water per milliliter of blood, 
which is known to be 0.89 ± 0.03 mL(blood)/g(tissue) in the rat brain40. T1,nonsel and T1,sel are the apparent lon-
gitudinal relaxation times derived from the image series applying nonselective and slice-selective inversions, 
respectively, T1,blood is the longitudinal relaxation of capillary blood.

MRI data analysis. The lateral ventricles quantification was evaluated in Marevisi 8.0 (Institute for 
Biodiagnostics, National Research Council, Canada). ROIs were manually outlined on anatomical image41 and 
lateral ventricular areas were calculated for each animal using pixel counts converting into actual area. Figure 3 
shows the representative images of lateral ventricles, which were robustly enlarged in the MAM model while in 
the THC exposed rats just a subtle lateral ventricles enlargement was observed.

The perfusion maps were calculated in Paravision 5.1 (Bruker Biospin, Ettlingen, Germany) and further 
analyzed in manually drawn brain ROI by a blinded researcher using our own MATLAB R2010a code (The 
MathWorks Inc., Natick, MA, USA) according to the rat brain atlas38. Figure 1 shows the anatomical images, 
delineation of the ROIs for the ASL analysis and perfusion maps of one representative MAM and CTR animal. 
Figure 2 analogically demonstrates the MRI images of the THC model.

All ROIs except for the prefrontal cortex and the circle of Willis were evaluated as the average of the left and 
right hemisphere value.

Statistical data analysis. Primary data were summarized using arithmetic mean and standard error of 
mean (±SEM). The behavioral and MRI variables were compared by a t-test or Mann-Whitney U (MWU) test 
depending on the result of Kolmogorov-Smirnov test of normality. Furthermore, relevant correlations between 
the body weight and the perfusion of selected brain regions were calculated using Pearson correlation for par-
ametric data and Spearman rank for non-parametric data. All analyses were calculated using Statistica 13.2 
(StatSoft, USA), value p < 0.05 was recognized as the boundary of statistical significance in all applied tests.

Figure 3. Lateral ventricles in the MAM and THC models. The figure shows anatomical (T2 weighted) images 
with visible ventricle enlargement present in MAM and THC exposed animals and their respective controls 
(CTR). White arrows point to the edges of the enlarged lateral ventricles.
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Results
Prenatal MAM exposure model. Behavioral phenotype was assessed by SIT in order to evaluate potential 
social deficits and NORT to establish short term recognition memory as representative measure of negative- and 
cognitive-like symptoms of SCZ. MAM prenatally exposed rats showed social deficit in the SIT in terms of time 
spent by social behaviors (t-test, p = 0.005). The number of interactions with the partner was equal as in the CTR 
group (t-test, not significant). As expected, MAM rats also exhibited a cognitive deficit in the NORT measured by 
decreased discrimination index (MWU test, p = 0.022).

Neuroimaging anatomical data showed a significant enlargement of the lateral ventricles. The mean value 
of the MAM exposed animals lateral ventricles area was 0.13 ± 0.01 mm2 and 0.03 ± 0.05 mm2 in the CTR rats. 
MWU test indicated significantly enlarged lateral ventricles area in the MAM prenatally exposed rats (p = 0.010).

Neuroimaging functional data showed significant differences in all ROIs. MWU test indicated significantly 
higher perfusion in the circle of Willis (p = 0.020) and the sensorimotor cortex (p = 0.043) while the perfusion 
of the hippocampus was decreased (p = 0.003). No difference was found in the perfusion of the prefrontal cortex 
(t-test, not significant) and the caudate putamen (t-test, not significant). Furthermore, Spearman rank did not 
identify any significant correlations between the circle of Willis and any other ROIs in neither the CTR nor the 
MAM prenatally exposed rats, which could be due to the small sample size (n = 6). Behavioral and ASL data are 
presented in Fig. 4.

Perinatal THC exposure model. THC exposed rats exhibited analogous behavioral phenotype as the 
MAM rats: they spent less time by social behaviors in the SIT (MWU test, p = 0.009) while the number of interac-
tions with the partner did not differ (t-test, not significant). THC rats also showed a cognitive deficit in the NORT 
measured by decreased discrimination index (MWU test, p = 0.009).

Neuroimaging anatomical data did not show significant lateral ventricles enlargement in the THC model. The 
mean value of the THC exposed animals’ lateral ventricles area was 0.02 ± 0.03 mm2 and 0.01 ± 0.02 mm2 in the 
CTR animals. MWU test did not indicate any significantly enlarged lateral ventricles area in the THC rats. Even 
though lateral ventricles seemed to be subtle enlarged visually (Fig. 3).

Neuroimaging functional data did not show significant differences in any of the ROIs. Pearson correlation 
in CTR rats indicated a significant association between the perfusion of the circle of Willis and those of the 
hippocampus (p = 0.014, r = 0.743), and the caudate putamen (p = 0.029, r = 0.685) and a trend to significance 
in analysis of the circle of Willis with sensorimotor cortex (p = 0.071, r = 0.593). On the other hand, in the THC 
exposed animals only the association between the perfusion of the circle of Willis and hippocampus was present 
(p = 0.009, r = 0.773) while the correlations between the perfusion of circle of Willis and the sensorimotor cortex 
(p = 0.125, r = 0.518) and caudate putamen were absent (p = 0.078, r = 0.581). This may indicate certain hemod-
ynamic dysregulation in the cortical regions. Behavioral and ASL data are presented in Fig. 5.

Figure 4. Behavior and cerebral blood perfusion in the MAM model. The bar graphs indicate the mean ± SEM 
of all variables. MAM rats spent shorter time by social interactions in the SIT but the number of interactions 
did not differ. The short-term recognition memory deficit in the MAM rats detected by NORT is apparent by 
a decreased discrimination index. In the analysis of regional blood perfusion MWU test revealed significantly 
higher perfusion of circle of Willis, and sensorimotor cortex in the MAM animals while hippocampus perfusion 
was lower (*p ≤ 0.05, **p ≤ 0.01).
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Age related changes in CTR groups. In order to establish consistency of the ASL data, CTR groups of 
both the MAM and the THC exposure models were compared. The rats in the MAM experiment were scanned at 
the age of 4 months while the animals in the THC model were older – 6 months. The age difference was reflected 
in the body weight, the older rats weighed significantly more, as proven by a t-test, p = 0.018 (Fig. 6). However, 
brain perfusion did not differ between the CTR groups in any ROIs and these values did not correlate with body 
weight (Pearson correlation).

Discussion
In this study, we observed consistent behavioral changes in two different experimental models of perinatal insult, 
which could resemble a SCZ-like phenotype. Rat males in both models (MAM and THC) showed social with-
drawal in social interaction and cognitive impairment in a short-term recognition task, which are often consid-
ered the two signs of SCZ- like symptoms42. Our behavioral data further confirmed the effects of prenatal MAM 
exposure on the development of SCZ-like phenotype in agreement with the neurodevelopmental hypothesis 
of SCZ8,43. Interestingly, the MAM induced behavioral deficits were paralleled by substantial dysregulation of 
regional CBF. The THC experimental model was based on the hypothesis that perinatal exposure to cannabis 
may impact the normal developmental trajectories in the CNS, thereby resulting in neuropsychiatric disorders 

Figure 5. Behavior and cerebral blood perfusion in the THC model. The bar graphs indicate the mean ± SEM 
of all variables. THC rats spent shorter time by social interactions in the SIT but the number of interactions did 
not differ. The short-term recognition memory deficit in the THC model detected by NORT is apparent by a 
decreased discrimination index. In the analysis of regional blood perfusion t-test did not indicate any significant 
differences between the groups.

Figure 6. Evaluation of potential age related effects in control rats. The bar graphs indicate the mean ± SEM of 
all variables. T-test revealed significantly higher body weight in the older animals but cerebral perfusion did not 
differ between the groups in any ROIs (*p ≤ 0.05).
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including SCZ15. Although our behavioral data confirmed that THC exposed rats showed a phenotype similar 
to the MAM model; nevertheless, the behavioural assays (i.e., SIT and NORT) used in the present study are 
not strictly specific for SCZ and could be applicable to assess symptoms domains shared with other neuropsy-
chiatric disorders (i.e. autism, depression or anxiety)32. Thus, we could conclude that pre/perinatal MAM or 
THC exposure led to behavioural impairments which are consistent with neuropsychiatric disorders, including 
SCZ32. Further behavioural tasks to assess different cognitive or social-like deficits would be useful. However, 
the regional CBF pattern was showed no apparent changes in the THC model. Furthermore, we have observed a 
robust enlargement of lateral ventricles in the MAM rats while the THC exposed rats showed a non-significant 
only a subtle structural impairment in the lateral ventricle region. These results are discussed in context of other 
studies in the following sections.

Regional CBF changes in the MAM and THC model. In the MAM prenatally exposed rats, we revealed 
significant perfusion changes showing a higher CBF in the circle of Willis and the sensorimotor cortex together 
with decreased perfusion of the hippocampus. On the other hand, the THC perinatally exposed rats did not show 
differences in the CBF in any ROIs. Importantly, we scanned both rat models at adulthood but there was an age 
difference between them, i.e. MAM and their CTR rats were 4 months old while THC animals 6 months old. 
In order to CTR for potential age-related effects, we compared the regional CBF and body weight between the 
CTR groups from both experimental models. In this analysis, we have identified a significant difference in the 
body weight but not in the CBF. Furthermore, body weight did not correlate with CBF in any brain region. This 
indicates that cerebral perfusion is unlikely to be associated with body weight and it seems to be consistent at this 
age difference. Similarly, in our previous study we have detected an increased perfusion in male rats compared 
to females in all analyzed brain regions18 but the correlation between brain perfusion and body weight was not 
present either (unpublished findings).

The field of functional neuroimaging in animal models of psychopathology included SCZ remains understud-
ied. To the best of our knowledge, this is the first study focusing on ASL in the MAM and THC models. We have 
identified only two relevant papers for comparison: our own previous study using the poly(I:C) neurodevelop-
mental model18 and an experiment on phencyclidine model and neonatal ventral hippocampal lesion (NVHL) 
model44. The poly(I:C) prenatally challenged animals showed increased perfusion in the circle of Willis as the 
region which represents the main blood supply for the brain19, hippocampus, and sensorimotor cortex18. On the 
other hand, higher perfusion of the entorhinal-piriform cortex, the shell part of the nucleus accumbens and the 
ventral pallidum and lower CBF in the temporal cortex and partly the prefrontal cortex were reported in both the 
phencyclidine and the NVHL models44.

These results are difficult to compare because different ROIs were selected, but CBF dysregulation seems to be 
a common feature. In this study, we observed increased perfusion of the sensorimotor cortex in the adult MAM 
offspring. Importantly, CBF changes in the MAM and poly(I:C) models show increased perfusion of the cortical 
areas which seems to be a common feature of the these SCZ-like phenotypes18. Interestingly, prenatal MAM 
exposure was found to possess certain anti-angiogenic effects leading to lower density of cortical capillaries at 
adulthood which may contribute to CBF changes45. However, the exact selection of cortical region seems to be 
crucial as in this study no perfusion change was present in the part of the prefrontal cortex.

Absence of regional CBF changes in THC model. Despite the presence of consistent behavioral phenotype, we 
detected no significant perfusion changes in the THC model. The only sign of potential hemodynamic alteration 
in the THC exposed rats was the lack of correlation between the CBF of the circle of Willis and of the sensorimo-
tor cortex/caudate putamen. Thus, we could speculate that it may be a sign of CBF dysregulation as previously 
suggested earlier in the study using poly(I:C) neurodevelopmental model18. Out of all animal models of SCZ 
where CBF was studied, the THC model seems to be the least affected, as judged by the functional perfusion and 
structural changes. This model is based on the hypothesis that perinatal exposure to THC could induce psychi-
atric disorders later in life46, also by modulating several neurotransmitters system (DAergic, Glutamatergic and/
or GABAergic) via central cannabinoid type 1 receptor47. Despite the positive behavioral outcome, our CBF data 
indicate that the THC model is hemodynamically stable, which is an unexpected result based on findings from 
other animal models18,44. This may limit its validity for neuroimaging studies of SCZ. Importantly, this study has 
included a number of ROIs, but we cannot rule out the possibility of CBF changes in other brain regions.

The data from the THC perinatally treated rats might be partly interpreted in a context of studies employ-
ing acute or chronic THC (or cannabis) dosing at adulthood. In rats, an autoradiographic study evaluated 
dose-dependent effect of THC on CBF in a large number of brain regions48. The brain areas with deficient CBF 
were the CA1 region of hippocampus, frontal and medial prefrontal cortex, nucleus accumbens, and claustrum 
while regions where no change was observed were medial septum, ventral tegmental area, caudate, temporal, 
parietal and occipital cortex, and cerebellum48. These data are in agreement with our THC model in the caudate 
and the sensorimotor cortex, but they differ in the prefrontal areas and the hippocampus. In the case of hip-
pocampus, the difference could be ascribed to the definition of the region and its subdivision in the radiographic 
study.

Importantly, the finding of no excessive CBF alterations in the autoradiographic study48 is not in line with 
clinical studies of CBF after an acute dose of THC, consistently reporting CBF increase in the prefrontal regions 
and the basal ganglia and a CBF decrease in the frontal, parietal, temporal, and occipital lobes in chronic cannabis 
users49. Taken together, the preclinical findings of hemodynamic changes induced by THC are inconsistent and 
biased by different species and phytocannabinoids used50.

A clinical PET study employing acute doses of THC in healthy volunteers showed transiently increased cere-
bral blood perfusion in the frontal, insular and anterior cingulate regions51. Another clinical trial with abstaining 
chronic cannabis users indicated higher CBF in the right pallidum/putamen of the cannabis users compared with 
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nonusers. In this study, regional cerebral blood perfusion of right the superior frontal cortex correlated positively 
with THC levels in urine52. These findings indicate that THC is indeed able to alter CBF. However, these effects 
are likely to be dependent on dose and repeated exposure. Therefore, perinatal THC treatment may not lead to 
alterations of CBF persisting to adulthood as observed in our study.

Comparison of the results to clinical evidence. In clinical studies similar perfusion dysregulations as in the MAM 
or poly(I:C) model18 were observed using several imaging techniques. ASL MRI detected hyperperfusion in the 
cerebellum, brainstem, and thalamus and hypoperfusion in the frontal lobes bilaterally, in the anterior and medial 
cingulate gyri, and in the parietal lobes bilaterally in patients suffering SCZ53. A similar pattern of temporal and 
frontal hypoperfusion in SCZ affected individuals was registered in the SPECT studies54,55. Furthermore, there 
is also a PET study connecting positive and negative psychiatric symptoms with specific brain regions. Positive 
symptoms were associated with increased blood perfusion in the anterior cingulate cortex, the cingulate and the 
superior frontal gyrus and decreased perfusion of the hippocampus, the precentral and middle frontal gyrus. 
Negative symptoms were linked to the increased perfusion of the frontal and the parietal cortex, the cingulate and 
the left middle frontal gyrus56. However, such data are difficult to put in the context of preclinical animal models. 
The inconsistences are caused mainly by the lack of studies using first-episode SCZ affected or drug-naive patients 
and variables resulted from the different ROIs selection and/or different imaging techniques57.

Enlargement of lateral ventricles. In our study, robust ventricular enlargement as one of the progres-
sive features seen in SCZ affected patients58 was present in MAM exposed animals while just subtle ventricu-
lar enlargement was detected visually in case of THC animals. Consistently with clinical evidence, ventricle 
enlargement is a commonly observed feature in animal models of SCZ such as the MAM model41, poly(I:C)18, 
NVHL model59 in rats or even some genetic mouse models60. So far, we can just speculate whether hemodynamic 
changes could precede structural impairment55 and significant CBF dysregulation could play a role in the pro-
gression of ventricular enlargement. The almost complete lack of functional and structural abnormalities in the 
behaviorally valid THC model observed in this study may indicate a different validity profile of this model in 
context of SCZ research. Still, there is a big heterogeneity of brain structure anomalies in human patients suffering 
SCZ as well61,62, hence the THC model may be useful in other studies not focusing on brain function or structure.

Conclusion and Future Perspective
Although pre/perinatal insults by MAM and THC led to behavioral impairments observed in this study, which 
are consistent with several neuropsychiatric disorders including SCZ, they were not characterized by the same 
regional CBF alterations. The MAM model manifested increased CBF in the circle of Willis and the sensorimotor 
cortex together with decreased CBF in the hippocampus. On the other hand, the THC model showed no CBF 
changes. The source of the CBF changes remains unrevealed. It can be hypothesized that CBF could be prefer-
entially dopamine regulated as already shown in brain cortex microcirculation63,64. Particularly, stimulation of 
D1 and D2 receptors induces vasodilation63, which may be reflected by increased CBF. Given that dopamin-
ergic neural terminals occur regionally, we may suppose that also the CBF changes occur region-dependently. 
Therefore, the lack of CBF impairment observed in the THC model may also be due to selection of specific ROIs. 
Different models of neurodevelopmental pathology may feature specific CBF patterns in the brain. In this study, 
we assessed the same ROIs in both models but we cannot rule out the possibility of CBF alteration in different 
ROIs. Taken together, our data suggest that every neurodevelopmental model is characteristic by a specific pat-
tern of regional CBF dysregulation with cortical regions being the most commonly altered as shown in the MAM 
and polyI:C models18. Future studies should reveal the causes of the ASL-detected perfusion changes, more spe-
cifically and confirm or reject our hypothesis of the major role of dopamine in the regulation of brain perfusion.

References
 1. Radua, J. et al. Multimodal meta-analysis of structural and functional brain changes in first episode psychosis and the effects of 

antipsychotic medication. Neurosci. Biobehav. Rev. 36, 2325–2333 (2012).
 2. Wright, I. C. et al. Meta-Analysis of Regional Brain Volumes in Schizophrenia. Am. J. Psychiatry 157, 16–25 (2000).
 3. Alsop, D. C. et al. Recommended implementation of arterial spin-labeled perfusion MRI for clinical applications: A consensus of the 

ISMRM perfusion study group and the European consortium for ASL in dementia. Magn. Reson. Med. 73, 102–116 (2015).
 4. Belle, V. et al. In vivo quantitative mapping of cardiac perfusion in rats using a noninvasive MR spin-labeling method. J. Magn. 

Reson. Imaging JMRI 8, 1240–1245 (1998).
 5. Zhu, J. et al. Altered resting-state cerebral blood flow and its connectivity in schizophrenia. J. Psychiatr. Res. 63, 28–35 (2015).
 6. Horn, H. et al. Structural and metabolic changes in language areas linked to formal thought disorder. Br. J. Psychiatry 194, 130–138 

(2009).
 7. Pinkham, A. et al. Resting quantitative cerebral blood flow in schizophrenia measured by pulsed arterial spin labeling perfusion 

MRI. Psychiatry Res. 194, 64–72 (2011).
 8. Owen, M. J., O’Donovan, M. C., Thapar, A. & Craddock, N. Neurodevelopmental hypothesis of schizophrenia. Br. J. Psychiatry 198, 

173–175 (2011).
 9. Van den Bergh, B. R. H. et al. Prenatal developmental origins of behavior and mental health: The influence of maternal stress in 

pregnancy. Neurosci. Biobehav. Rev (2017).
 10. Young, J. W., Zhou, X. & Geyer, M. A. Animal models of schizophrenia. Curr Top Behav Neurosci 4, 391–433 (2010).
 11. Micale, V., Kucerova, J. & Sulcova, A. Leading compounds for the validation of animal models of psychopathology. Cell Tissue Res. 

354, 309–330 (2013).
 12. Calvigioni, D., Hurd, Y. L., Harkany, T. & Keimpema, E. Neuronal substrates and functional consequences of prenatal cannabis 

exposure. Eur. Child Adolesc. Psychiatry 23, 931–941 (2014).
 13. Jaques, S. C. et al. Cannabis, the pregnant woman and her child: weeding out the myths. J. Perinatol. 34, 417 (2014).
 14. Sundram, S. Cannabis and neurodevelopment: implications for psychiatric disorders. Hum. Psychopharmacol. Clin. Exp. 21, 

245–254 (2006).
 15. Higuera-Matas, A., Ucha, M. & Ambrosio, E. Long-term consequences of perinatal and adolescent cannabinoid exposure on neural 

and psychological processes. Neurosci. Biobehav. Rev. 55, 119–146 (2015).

https://doi.org/10.1038/s41598-019-42532-z


9Scientific RepoRts |          (2019) 9:6062  | https://doi.org/10.1038/s41598-019-42532-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 16. Bolhuis, K., Kushner, S. A., Hillegers, M. H. J., Tiemeier, H. & El Marroun, H. F33. Matenal and paternal canabbis use during 
pregnancy and risk of psychotic symptoms in the offspring. Schizophr. Bull. 44, S231–S232 (2018).

 17. Grant, K. S., Petroff, R., Isoherranen, N., Stella, N. & Burbacher, T. M. Cannabis use during pregnancy: Pharmacokinetics and effects 
on child development. Pharmacol. Ther. 182, 133–151 (2018).

 18. Drazanova, E. et al. Poly(I:C) model of schizophrenia in rats induces sex-dependent functional brain changes detected by MRI that 
are not reversed by aripiprazole treatment. Brain Res. Bull. 137, 146–155 (2017).

 19. Ozdemir, Y. G., Bolay, H., Erdem, E. & Dalkara, T. Occlusion of the MCA by an intraluminal filament may cause disturbances in the 
hippocampal blood flow due to anomalies of circle of Willis and filament thickness. Brain Res. 822, 260–264 (1999).

 20. Uylings, H. B. M., Groenewegen, H. J. & Kolb, B. Do rats have a prefrontal cortex? Behav. Brain Res. 146, 3–17 (2003).
 21. Zhou, Y., Fan, L., Qiu, C. & Jiang, T. Prefrontal cortex and the dysconnectivity hypothesis of schizophrenia. Neurosci. Bull. 31, 

207–219 (2015).
 22. Hokama, H. et al. Caudate, putamen, and globus pallidus volume in schizophrenia: a quantitative MRI study. Psychiatry Res. 61, 

209–229 (1995).
 23. Mikell, C. B. et al. The hippocampus and nucleus accumbens as potential therapeutic targets for neurosurgical intervention in 

schizophrenia. Stereotact. Funct. Neurosurg. 87, 256–265 (2009).
 24. Uttl, L. et al. Behavioral and Pharmacokinetic Profile of Indole-Derived Synthetic Cannabinoids JWH-073 and JWH-210 as 

Compared to the Phytocannabinoid Δ9-THC in Rats. Front. Neurosci. 12 (2018).
 25. Webster, G. R., Sarna, L. & Mechoulam, R. Conversion of cbd to delta8-thc and delta9-thc (2004).
 26. Molina-Holgado, F., Amaro, A., Gonzalez, M. I., Alvarez, F. J. & Leret, M. L. Effect of maternal delta 9-tetrahydrocannabinol on 

developing serotonergic system. Eur J Pharmacol 316, 39–42 (1996).
 27. D’Addario, C. et al. A preliminary study of endocannabinoid system regulation in psychosis: Distinct alterations of CNR1 promoter 

DNA methylation in patients with schizophrenia. Schizophr. Res. 188, 132–140 (2017).
 28. Moore, H., Jentsch, J. D., Ghajarnia, M., Geyer, M. A. & Grace, A. A. A neurobehavioral systems analysis of adult rats exposed to 

methylazoxymethanol acetate on E17: implications for the neuropathology of schizophrenia. Biol. Psychiatry 60, 253–264 (2006).
 29. Ruda-Kucerova, J. et al. Reactivity to addictive drugs in the methylazoxymethanol (MAM) model of schizophrenia in male and 

female rats. World J. Biol. Psychiatry 18, 129–142 (2017).
 30. Ruda-Kucerova, J., Babinska, Z., Stark, T. & Micale, V. Suppression of methamphetamine self-administration by ketamine pre-

treatment is absent in the methylazoxymethanol (MAM) rat model of schizophrenia. Neurotox. Res. 32, 121–133 (2017).
 31. Večeřa, J. et al. HDAC1 and HDAC3 underlie dynamic H3K9 acetylation during embryonic neurogenesis and in schizophrenia-like 

animals. J. Cell. Physiol. 233, 530–548 (2018).
 32. Stark, T. et al. Peripubertal cannabidiol treatment rescues behavioral and neurochemical abnormalities in the MAM model of 

schizophrenia. Neuropharmacology 146, 212–221 (2019).
 33. Campolongo, P. et al. Perinatal exposure to delta-9-tetrahydrocannabinol causes enduring cognitive deficits associated with 

alteration of cortical gene expression and neurotransmission in rats. Addict. Biol. 12, 485–495 (2007).
 34. Trezza, V. et al. Effects of perinatal exposure to delta-9-tetrahydrocannabinol on the emotional reactivity of the offspring: a 

longitudinal behavioral study in Wistar rats. Psychopharmacology (Berl.) 198, 529–537 (2008).
 35. Zamberletti, E., Vigano, D., Guidali, C., Rubino, T. & Parolaro, D. Long-lasting recovery of psychotic-like symptoms in isolation-

reared rats after chronic but not acute treatment with the cannabinoid antagonist AM251. Int J Neuropsychopharmacol 15, 267–80 
(2012).

 36. Uylings, H. B. M. & van Eden, C. G. Chapter 3 Qualitative and quantitative comparison of the prefrontal cortex in rat and in 
primates, including humans. In Progress in Brain Research (eds Uylings, H. B. M., Van Eden, C. G., De Bruin, J. P. C., Corner, M. A. 
& Feenstra, M. G. P.) 85, 31–62 (Elsevier, 1991).

 37. Ellison-Wright, I., Glahn, D. C., Laird, A. R., Thelen, S. M. & Bullmore, E. The Anatomy of First-Episode and Chronic Schizophrenia: 
An Anatomical Likelihood Estimation Meta-Analysis. Am. J. Psychiatry 165, 1015–1023 (2008).

 38. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates. (Elsevier, 2007).
 39. Hildebrandt, I. J., Su, H. & Weber, W. A. Anesthesia and other considerations for in vivo imaging of small animals. ILAR J. 49, 17–26 

(2008).
 40. Leithner, C. et al. Determination of the brain-blood partition coefficient for water in mice using MRI. J. Cereb. Blood Flow Metab. 

Off. J. Int. Soc. Cereb. Blood Flow Metab. 30, 1821–1824 (2010).
 41. Chin, C.-L. et al. Structural abnormalities revealed by magnetic resonance imaging in rats prenatally exposed to 

methylazoxymethanol acetate parallel cerebral pathology in schizophrenia. Synapse 65, 393–403 (2011).
 42. Young, J. W., Zhou, X. & Geyer, M. A. Animal Models of Schizophrenia. in Behavioral Neurobiology of Schizophrenia and Its 

Treatment 391–433 (Springer, Berlin, Heidelberg, 2010).
 43. Lodge, D. J. & Grace, A. A. Gestational methylazoxymethanol acetate administration: a developmental disruption model of 

schizophrenia. Behav Brain Res 204, 306–12 (2009).
 44. Risterucci, C. et al. Functional magnetic resonance imaging reveals similar brain activity changes in two different animal models of 

schizophrenia. Psychopharmacology (Berl.) 180, 724–734 (2005).
 45. Bassanini, S. et al. Early cerebrovascular and parenchymal events following prenatal exposure to the putative neurotoxin 

methylazoxymethanol. Neurobiol. Dis. 26, 481–495 (2007).
 46. Lombard, C., Hegde, V. L., Nagarkatti, M. & Nagarkatti, P. S. Perinatal exposure to Δ9-tetrahydrocannabinol triggers profound 

defects in T cell differentiation and function in fetal and postnatal stages of life, including decreased responsiveness to HIV antigens. 
J. Pharmacol. Exp. Ther. 339, 607–617 (2011).

 47. Hudson, R., Rushlow, W. & Laviolette, S. R. Phytocannabinoids modulate emotional memory processing through interactions with 
the ventral hippocampus and mesolimbic dopamine system: implications for neuropsychiatric pathology. Psychopharmacology 
(Berl.) 235, 447–458 (2018).

 48. Bloom, A. S., Tershner, S., Fuller, S. A. & Stein, E. A. Cannabinoid-Induced Alterations in Regional Cerebral Blood Flow in the Rat. 
Pharmacol. Biochem. Behav. 57, 625–631 (1997).

 49. Linszen, D. & van Amelsvoort, T. Cannabis and psychosis: an update on course and biological plausible mechanisms. Curr. Opin. 
Psychiatry 20, 116–120 (2007).

 50. Sultan, S. R., Millar, S. A., O’Sullivan, S. E. & England, T. J. A Systematic Review and Meta-Analysis of the In Vivo Haemodynamic 
Effects of Δ8-Tetrahydrocannabinol. Pharm. Basel Switz. 11 (2018).

 51. Mathew, R. J. et al. Time course of tetrahydrocannabinol-induced changes in regional cerebral blood flow measured with positron 
emission tomography. Psychiatry Res. Neuroimaging 116, 173–185 (2002).

 52. Filbey, F. M., Aslan, S., Lu, H. & Peng, S.-L. Residual Effects of THC via Novel Measures of Brain Perfusion and Metabolism in a 
Large Group of Chronic Cannabis Users. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 43, 700–707 (2018).

 53. Scheef, L. et al. Resting-State Perfusion in Nonmedicated Schizophrenic Patients: A Continuous Arterial Spin-labeling 3.0-T MR 
Study. Radiology 256, 253–260 (2010).

 54. Sabri, O. et al. Regional Cerebral Blood Flow and Negative/Positive Symptoms in 24 Drug-Naive Schizophrenics. J. Nucl. Med. 38, 
181–188 (1997).

 55. Wake, R. et al. Characteristic brain hypoperfusion by 99mTc-ECD single photon emission computed tomography (SPECT) in 
patients with the first-episode schizophrenia. Eur. Psychiatry 25, 361–365 (2010).

https://doi.org/10.1038/s41598-019-42532-z


1 0Scientific RepoRts |          (2019) 9:6062  | https://doi.org/10.1038/s41598-019-42532-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 56. Lahti, A. C., Weiler, M. A., Medoff, D. R., Tamminga, C. A. & Holcomb, H. H. Functional effects of single dose first- and second-
generation antipsychotic administration in subjects with schizophrenia. Psychiatry Res. Neuroimaging 139, 19–30 (2005).

 57. Navari, S. & Dazzan, P. Do antipsychotic drugs affect brain structure? A systematic and critical review of MRI findings. Psychol. Med. 
39, 1763–1777 (2009).

 58. Kempton, M. J., Stahl, D., Williams, S. C. R. & DeLisi, L. E. Progressive lateral ventricular enlargement in schizophrenia: A meta-
analysis of longitudinal MRI studies. Schizophr. Res. 120, 54–62 (2010).

 59. Bertrand, J.-B. et al. Longitudinal MRI monitoring of brain damage in the neonatal ventral hippocampal lesion rat model of 
schizophrenia. Hippocampus 20, 264–278 (2010).

 60. Jaaro-Peled, H., Ayhan, Y., Pletnikov, M. V. & Sawa, A. Review of pathological hallmarks of schizophrenia: comparison of genetic 
models with patients and nongenetic models. Schizophr. Bull. 36, 301–313 (2010).

 61. Brugger, S. P. & Howes, O. D. Heterogeneity and Homogeneity of Regional Brain Structure in Schizophrenia: A Meta-analysis. 
JAMA Psychiatry 74, 1104–1111 (2017).

 62. Zhang, T., Koutsouleris, N., Meisenzahl, E. & Davatzikos, C. Heterogeneity of Structural Brain Changes in Subtypes of Schizophrenia 
Revealed Using Magnetic Resonance Imaging Pattern Analysis. Schizophr. Bull. 41, 74–84 (2015).

 63. Iadecola, C. Neurogenic control of the cerebral microcirculation: is dopamine minding the store? Nat. Neurosci. 1, 263–265 (1998).
 64. Krimer, L. S., Muly, E. C., Williams, G. V. & Goldman-Rakic, P. S. Dopaminergic regulation of cerebral cortical microcirculation. 

Nat. Neurosci. 1, 286–289 (1998).

Acknowledgements
This publication was written at Masaryk university as part of the project “Pharmacological research in the field 
of pharmacokinetics, neuropsychopharmacology and oncology” number MUNI/A/1550/2018 with the support 
of the Specific University Research Grant, as provided by the Ministry of Education, Youth and Sports of the 
Czech Republic in the year 2019. This work was further funded by a research grant from the Ministry of Health 
of the Czech Republic–conceptual development of research organization (FNBr, 65269705), by the project 
VI20172020056 of the Ministry of Interior of the Czech Republic and by SoMoPro II Programme (Project No. 
3SGA5789) and by funds from the Faculty of Medicine MU to junior researcher Jana Ruda-Kucerova. The MR 
measurement and data analysis were supported by the grants LM2015062 and CZ.02.1.01/0.0/0.0/16_013/00
01775 “National Infrastructure for Biological and Medical Imaging (Czech-BioImaging)” and LO1212 of the 
Ministry of Education, Youth and Sports and the Czech Health Research Council (No. 16-30299A). The authors 
also wish to thank for the help with the lateral ventricles quantification to Jana Starcukova.

Author Contributions
Eva Drazanova performed the MRI experiments, collected MRI data, analyzed the MRI data and wrote the 
manuscript. Jana Ruda-Kucerova performed the statistical analysis, prepared the figures and wrote the first draft 
of the manuscript. Lucie Kratka performed the MRI experiments, collected MRI data and wrote the cross-checked 
the whole manuscript and references. Tibor Stark performed the behavioral experiments and was responsible 
for the scoring, and cross-checked the whole manuscript and references. Martin Kuchar and Michal Maryska 
performed the synthesis and purification of THC and developed the separation method of delta-8-THC and 
delta-9-THC isomers. Zenon Starcuk Jr. helped in the development of the MRI sequences and cross-checked the 
whole manuscript and references. Filippo Drago cross-checked the final version of the manuscript. Vincenzo 
Micale developed the experimental models, collected behavioral data and wrote the manuscript. All the authors 
reviewed and approved the manuscript for publication.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-42532-z
http://creativecommons.org/licenses/by/4.0/

	Different effects of prenatal MAM vs. perinatal THC exposure on regional cerebral blood perfusion detected by Arterial Spin ...
	Material and Methods
	Animals. 
	Drugs. 
	Experimental models. 
	Prenatal MAM exposure model. 
	Perinatal THC exposure model. 

	Behavioral testing. 
	Social interaction test (SIT). 
	Novel object recognition test (NORT). 

	Magnetic resonance imaging. 
	MRI data analysis. 

	Statistical data analysis. 

	Results
	Prenatal MAM exposure model. 
	Perinatal THC exposure model. 
	Age related changes in CTR groups. 

	Discussion
	Regional CBF changes in the MAM and THC model. 
	Absence of regional CBF changes in THC model. 
	Comparison of the results to clinical evidence. 

	Enlargement of lateral ventricles. 

	Conclusion and Future Perspective
	Acknowledgements
	Figure 1 ASL image in the MAM model.
	Figure 2 ASL image in the THC model.
	Figure 3 Lateral ventricles in the MAM and THC models.
	Figure 4 Behavior and cerebral blood perfusion in the MAM model.
	Figure 5 Behavior and cerebral blood perfusion in the THC model.
	Figure 6 Evaluation of potential age related effects in control rats.




