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Abstract 

Prenatal cannabis exposure is as common as prenatal alcohol exposure, and yet it is 

understudied. With the recent legalization of cannabis, it is doubly important to 

elucidate these effects. The hippocampus is rich in cannabinoid type 1 receptors, which 

are targeted by the psychoactive component of cannabis. The hippocampus is central to 

learning and memory and is known to be affected acutely by this drug.  In this 

dissertation, I examine how prenatal THC exposure affects different populations of 

hippocampal interneurons, how morphological characteristics of microglia are altered, 

and hippocampal synaptic plasticity is affected, and how inhibitory and excitatory 

markers My findings show not only that there are alterations in all these areas, but that 

there are regional and sex differences in many of these changes. These results suggest 

that there is increased GABAA recruitment via increased gephyrin cluster sizes. In 

absence of other receptor changes this shows that the balance of inhibition and 

excitation is shifted towards inhibition. Dendritic spines decreases are consistent with 

human clinical findings with similar psychiatric outcomes. As interneuron densities are 

static compared with other outcome measures, early perturbations in the 

endocannabinoid system likely drive the observed interneuron alterations, which then 

drive spine, receptor, and plasticity alterations. This work shows that there are 

consequences of prenatal cannabis exposure into adulthood. 
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CHAPTER 1 

Introduction 

1.1 Preface 

The papers contained in this dissertation all pertain to the study of prenatal cannabis 

exposure in a rat model. The central mechanism to which all others are linked is that of 

the direct and indirect actions of the CB1 receptor, and how alterations in this receptor 

create downstream effects in prenatal THC exposure. It has been known for some time 

that prenatal THC exposure can alter CB1 receptors (1). In the case of interneurons this 

could affect their migration, as the CB1 receptor is involved in migration and axon 

guidance (2). The CB1 receptor is also implicated in neuroinflammation, and so this 

dissertation touches on microglia (3,4). Finally, the CB1 receptor is implicated in 

hippocampal synaptic plasticity, and so long-term depression is assayed (5,6). Together 

these results show that prenatal cannabis exposure has long-lasting, sex-dependent 

effects in the rat hippocampus.  

1.2 The hippocampus 

The hippocampus is primarily made up of two main structures, the cornu ammonis 

region (subdivided into CA1, CA2, CA3, and CA4 or hilus regions), and the dentate gyrus 

(DG) (7). The subiculum (divided into the para-, pre-, post-, and prosubiculum) is often 

treated as part of the CA1 subfield in research, although it is a distinct subfield (7). The 

hippocampus lends itself well to the study of synaptic plasticity, as it is a uni-directional 

circuit with stereotypic cytoarchitecture that is preserved in hippocampal sections. 
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Projections from the entorhinal cortex (EC) project to the hippocampus, around the 

circuit, and back out again (7). More specifically, layer II of the medial EC projects to the 

dentate gyrus through the perforant path (7). The perforant path can be broken down 

into the medial and lateral perforant path; the medial tends to contain spatial 

information while the lateral tends to carry information about novel objects (8,9). From 

there, the mossy fibers of the commissural pathway project to the CA3 subfield, and 

from there Schaffer collaterals project to the CA1 subfield (7).  The CA3 also makes 

reciprocal connections to the neocortex, hypothalamus, and brain stem via the fimbria-

fornix pathway (10). The mossy fibers of the dentate gyrus further project medially to 

the other hemisphere (7). This entire circuit is part of the larger Papez circuit, which 

also includes among other things, the amygdala (11).  

1.3 The endocannabinoid system 

Under basal conditions, the CB1 receptor is acted upon by endogenous cannabinoids 

(eCBs) (12). Anandamide (ANA, AEA) is synthesized through a complex biochemical 

pathway, but is largely controlled by N-acylphosphatidylethanolamine-specific 

phospholipase D (NAPE-PLD or NAT) (13). This enzyme catalyzes AEA synthesis by 

creating N-arachidonoyl-phosphatidylethanolamine (NAPE) from 

phosphatidylethanolamine and arachidonic acid (13). Hydrolysis of NAPE forms AEA 

(13). The other main eCB, 2- arachidonoyl glycerol, is created when diacylglycerol lipase 

(DAGL), breaks down diacylglycerol (DAG) (14). DAGL has two isoforms, α and β. Like 

the CB1 and CB2 receptors, the first is primarily in the brain and the second is primarily 

peripheral (15,16). 2-AG is also regulated by monoacylglycerol lipase (MAGL) (14). 

MAGL acts to degrade 2-AG (14). Interestingly, and because of the properties of lipids, 
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eCBs cannot be stored (17). Thus, the ability to regulate their production in a tight 

timeline on demand is an important feature of the eCB system. The regulation of this 

metabolism is not fully characterized and is an exciting frontier of research.  The 

endocannabinoid system is also affected by metabotropic glutamate receptors (mGluRs) 

(6). The activation of mGluRs in the postsynaptic neuron can stimulate the production 

of eCBs (6).  

 

1.4 Interneurons 

Interneurons are a diverse population of cells that release γ-aminobutyric acid (18). 

Unlike principal neurons, all interneurons are born in the caudal and medial ganglionic 

Figure 1.1 The endocannabinoid system at the synapse. Created with Biorender. 
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eminences and must migrate to their final location in the brain (19). Some interesting 

work out of Harvard showed that interneurons are programmed to a specific marker 

profile very early, but their shape is context dependent (20). Dysregulation of 

hippocampal interneurons has been identified in psychiatric disorders, and their tight 

regulation of neuronal networks is necessary for proper signal transmission and fidelity 

(18). There are many subtypes of interneuron, in the hippocampus and elsewhere in the 

brain. Parvalbumin (PV) interneurons are integral for large-scale network oscillations, 

while somatostatin (SOM) interneurons synapse onto dendritic tufts and fine-tune input 

(18). Neuropeptide Y (NPY) interneurons are involved with basal inhibitory tone, as 

they secrete GABA into the extracellular matrix to signal metabotropic GABAB receptors 

(21). CB1 receptors are primarily found on interneurons, and further also likely aid in 

their migration (22,23).  

1.5 Microglia and neuroinflammation 

Microglia are the resident immune cells of the brain, involved with homeostasis and are 

responsive to neurological insults (24). Many postnatal studies have assayed the effect 

of cannabis on brain inflammation, mainly thought to be mediated by the CB2 receptor 

(25,26). However, microglia also express CB1 receptors and have been shown to respond 

to eCBs in their environment in a phagocytic manner (27). One postnatal study has 

shown that acute THC exposure can exert immunosuppressive effects on microglia (28). 

As both responders to excitotoxicity and other insults, as well as effectors of 

inflammation, are an important piece of prenatal cannabis research.  
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1.6 Hippocampal Plasticity: Long-Term Depression 

Long-term depression is a type of synaptic plasticity that acts as a signal to decrease 

future signal strength (29). And so LTD is 

the process by which less firing begets even 

less firing. It was originally proposed to be a 

mechanism of forgetting (30). The induction 

of LTD usually involves group I mGluRs, 

which lead to the activation of phosphatases 

such as calcineurin (31). Phosphatases and 

kinases are common cellular switches, where 

kinases add a phosphate group, while 

phosphatases remove the phosphate group 

(32). The dephosphorylation leads to the removal of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors from the plasma membrane of the synapse 

(33). On a larger scale LTD can lead to a decrease in synaptic connections altogether, 

which allows the neurons involved with working memory to be plastic since existing 

connections can be rewritten.  

Figure 1.2 Simplified LTD Schematic 

Less firing leads to the removal of post-

synaptic receptors. 
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CHAPTER 2 

Published: A Systematic Review of the Effects of Perinatal Alcohol 

Exposure and Perinatal Marijuana Exposure on Adult 

Neurogenesis in the Dentate Gyrus. 

2.1 Abstract 

2.1.1 Background: Marijuana and alcohol are both substances that, when used 

during pregnancy, may have profound effects on the developing fetus. There is evidence 

to suggest that both drugs can affect working memory, one function of the hippocampal 

formation, however, there is a paucity of data on how perinatal exposure to alcohol or 

cannabis impacts the process of adult neurogenesis.  

2.1.2 Methods: This systematic review examines immunohistochemical data from 

adult rat and mouse models that assess perinatal alcohol or perinatal marijuana 

exposure. A comprehensive list of search terms was designed and used to search three 

separate databases. All results were imported to Mendeley and screened by two authors. 

Consensus was reached on a set of final papers that met the inclusion criteria and their 

results were summarized. 

2.1.3 Results: Thirteen papers were identified as relevant, ten of which pertained to 

the effects of perinatal alcohol on the adult hippocampus, and three pertained to the 

effects of perinatal marijuana on the adult hippocampus. Cellular proliferation in the 

dentate gyrus was not affected in adult rats and mice exposed to alcohol perinatal. In 

general, perinatal alcohol exposure did not have a significant and reliable effect on the 

maturation and survival of adult born granule neurons in the dentate gyrus. In contrast, 
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interneuron numbers appear to be reduced in the dentate gyrus of adult rats and mice 

exposed perinatal to alcohol. Perinatal marijuana exposure was also found to reduce 

inhibitory interneuron numbers in the dentate gyrus.  

2.1.4 Conclusions: Perinatal alcohol exposure and perinatal marijuana exposure 

both act on inhibitory interneurons in the hippocampal formation of adult rats. These 

findings suggest simultaneous perinatal alcohol and marijuana exposure (SAM) may 

have a dramatic impact on inhibitory processes in the dentate gyrus.   

 

2.2 Introduction 

With the relaxation of cannabis restrictions across North America, a growing 

proportion of young adults (19 – 30 years of age) are reporting the Simultaneous use of 

Alcohol and Marijuana (SAM), and indications are that this trend will continue to rise 

(34). This age demographic also coincides with the peak fertility period for 

males and females (35), and SAM significantly increases the risk of 

unplanned pregnancies (36). Moreover, the use of illicit drugs in this age group is 

more common, with cannabis being the most commonly used drug by pregnant women 

(37). Approximately half of all marijuana users also report alcohol use (38–40), with 

recent statistics indicating that over 30% of women of reproductive age have consumed 

alcohol and marijuana (40,41). Although the prevalence rates for SAM are likely to rise 

(38), the effects of combined perinatal ethanol exposure and THC (Δ9- 

tetrahydrocannabinol) exposure on the developing brain are not well understood.  

Previous studies have shown that working memory is impaired by perinatal alcohol 

exposure (42,43) and similar deficits have been observed in adults exposed to marijuana 
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(43–45). Ethanol is a teratogen and so alcohol consumption during pregnancy can 

disrupt development leading to facial dysmorphology, pre- and postnatal growth 

deficiencies, and central nervous system (CNS) dysfunction (46,47). Heavy drinking in 

the second trimester, particularly the 10th to 20th weeks of human pregnancy, when the 

brain is growing dramatically, is associated with an increase in the severity of many 

clinical features (48,49). In rodent models, a portion of the developmental stages that 

are congruous with the human third trimester occurs up to post-natal day nine (43). For 

the purpose of this review postnatal day ten and older will be considered to be postnatal 

while rodents at postnatal day nine and younger will be taken as perinatal. Perinatal 

alcohol literature contains experiments using multiple exposure paradigms. E1-E20 and 

P4-9 are both common models (43,50). A benefit of the E1-E20 model is that alcohol 

can be integrated into the mother’s diet without the need for gavage or injection. P4-9 

exposure isolated effects on the brain growth spurt and with recent advancements pups 

can be exposed using vaporized ethanol, which can also decrease the stress related to 

injection or gavage. For our review, we have chosen to discuss pre- and postnatal 

exposure paradigms that range from the first gestational day to the ninth postnatal day 

in rodent models, as these dates coincide with the first to third-trimester equivalent in 

humans (51). 

It has long been known that the hippocampus is a brain area that is particularly 

sensitive to the effects of perinatal alcohol exposure (PAE). PAE induces significant cell 

loss in the hippocampus (52–54), and even brief periods of binge exposure can produce 

significant changes in hippocampal structure and function (55–57). Both GABAA and 

NMDA receptors have been implicated in the mechanism of alcohol-related 

neurodegeneration; GABAA receptors have been shown to become hyperexcitable while 
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NMDARs are blocked (58). Since GABA signaling is thought to be integral to the spatial 

and temporal integration of new neurons, it is logical that aberrations of this system 

lead to severe developmental consequences (59). Long-term potentiation deficits have 

also been reported, and the histamine H3 receptor has been implicated (60). 

Marijuana is one of the most commonly used recreational drugs during 

pregnancy, yet little is known about how it affects the development of the brain (61). 

THC is the major psychoactive ingredient in marijuana and is known to readily cross the 

placental barrier impacting fetal development (62). Evidence is emerging that perinatal 

THC, like perinatal alcohol, can impair the cognitive functioning of offspring– possibly 

throughout the lifespan (63). Cannabinoid receptors and their endogenous ligands have 

been detected at the earliest stages of embryonic development; this indicates that 

maternal marijuana use can impact the developing brain (64,65). The two primary 

cannabinoid receptors, known as CB1 and CB2, can both act to reduce adenylyl cyclase 

activity in cells (66). Their activation, primarily on interneurons, thus leads to the 

prevention of GABA release at the synapse. CB2 receptors are expressed sparsely in 

microglia, macrophages, and some neurons in the central nervous system, but are more 

ubiquitous in the peripheral nervous system (67). There is evidence that alcohol acts to 

reduce endogenous cannabinoid levels through a CB2 receptor-mediated pathway and 

that this mechanism is important in alcohol use disorders (68,69).  CB1 receptors are 

expressed in both inhibitory and excitatory neurons, at perinatal time points in the 

rodent cortex, basal forebrain, and telencephalon (70).  Because CB1 receptors are 

expressed perinatally, and in the hippocampus (part of the telencephalon), it is likely 

that CB1 receptors will be the major players when it comes to developmental THC 

exposure (71). CB1 receptor activation can impact interneuron development, neuronal 
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proliferation, migration, morphogenesis, synaptogenesis,  and the balance of excitation 

and inhibition in the hippocampus (72–74).  A recent paper found that fetal THC 

exposure can cause altered hippocampal oscillations, brain hyperexcitability, and spatial 

memory impairment (75).  In this review, we will systematically explore what is known 

about the effects of perinatal alcohol and marijuana exposure in the dentate gyrus. The 

entire hippocampus was included in the search parameters however the papers returned 

mainly concerned the dentate gyrus. The dentate gyrus is a good target of this research 

as it is one of two sites in the rodent brain that has adult neurogenesis (76). Adult 

neurogenesis in the dentate gyrus is thought to be necessary for the formation of spatial 

memory (77). It is worth noting that, while well-established in rodents, the existence of 

adult neurogenesis is still debated in humans due to the type and parameters of assays 

available for use in humans (78). Spatial memory is affected by both THC and alcohol 

consumption in humans and so its corresponding brain structure a logical place to 

assess deficits caused by these drugs (79,80). 

It is important to consider the actions of both substances alone, as well as in 

combination, as some work has suggested that the detrimental effects of perinatal 

alcohol and perinatal marijuana may be synergistic (81–83). Our initial systematic 

search to investigate documented changes in adult neurogenesis following SAM 

exposure returned a single result in the hippocampal formation, indicating there is a 

paucity of data for understanding the cellular consequences of perinatal SAM exposure. 

This singular paper found that perinatal cannabinoid exposure causes birth defects 

similar to perinatal alcohol exposure and implicated CB1-Hedgehog interactions as the 

cause (84). While this paper is worth mentioning, it did not satisfy all of the 

inclusion/exclusion criteria in this review and will not be part of the final result tables. 
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This paper also succinctly discusses the differences between THC and CBD, the two 

main cannabinoids present in marijuana, versus synthetic cannabinoids, which can be 

hundreds of times more potent and much longer lasting than THC and CBD (84). And 

while it is also worth mentioning that there are many other cannabinoids and terpenes 

in cannabis, this review will focus on THC and synthetic cannabinoids that bind with the 

CB1 receptor (71). 

 This review will compare cellular data in adult offspring of rats or mice 

perinatally exposed to alcohol or marijuana. Our goal is to identify how perinatal SAM 

exposure impacts the structure and function of the adult hippocampus in hopes of 

directing future research.  

 

2.3 Materials and Methods 

This review was carried out using the stylistic criteria for Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA), with minor amendments 

to the traditional process (e.g. exclusion of bias scoring) due to the nature of cellular 

studies (85). The literature on adult neurogenesis changes in the hippocampal 

formation after perinatal marijuana exposure is limited; for this reason, marijuana 

papers selected were compared to selected perinatal alcohol exposure instead of being 

separately analyzed. This method was used to provide an objective starting point for 

SAM research aimed at targeting the cellular basis for any developmental changes. In 

particular, this study was designed to target all papers that investigate adult neurogenic 

changes in the hippocampal formation under perinatal alcohol conditions or perinatal 

cannabis conditions. PRISMA search terms were designed to broadly include any 
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cellular study in any age of exposed offspring and then papers were selected based on 

the inclusion and exclusion criteria (S1). Five blocks of search terms were used. Each 

block included similar terms that contained “OR” as an operator. Between search blocks 

an “AND” operator was used. The blocks of search terms used here required papers to 1) 

include perinatal drug exposure 2) mention the hippocampal formation 3) provide 

immunohistochemical and other cellular results 4) specify alcohol use, and 5) specify 

marijuana use (see Supplementary table 2.1). Three databases were selected based 

on their ability to return cellular-level research. The first and second authors 

individually performed two searches, one for perinatal alcohol (search blocks 1,2,3,4) 

and the other for perinatal marijuana (search blocks 1,2,3,5) using the same terms, then 

exported all the citations to Mendeley. Duplicates were removed and all papers were 

screened using the inclusion/exclusion criteria (Supplementary table 2.2). Papers 

selected in the screening process were read in full and assessed for eligibility as defined 

by the search criteria, and final papers selected were compared between authors. Any 

discrepancies in paper selection were resolved by discussion. Although outside the scope 

of this review, the main methods and findings of short-listed papers have been included 

as a supplementary table (Supplementary table 2.2). The final article numbers for 

each step of this review are included in Figure 2.1. The search period included was 

January 1st 2000-March 13th 2020.  
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2.4 Results 

A total of thirteen studies were identified using a pre-defined criteria (S1), with ten 

studies focused on perinatal alcohol exposure and three on perinatal marijuana 

Figure 2.1 PRISMA flow diagram 
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exposure. Eleven of the twelve studies identified included an evaluation of the dentate 

gyrus subfield of the hippocampus. Datasets for papers that did not satisfy the inclusion 

and exclusion criteria are not reported in this table. 

2.4.1 Perinatal Alcohol Exposure 

2.4.1.1 Cellular Proliferation  

The protein Ki-67, an endogenous S phase marker for cell proliferation in the brain, can 

be used in conjunction with the administration of BrdU, and exogenous marker that is 

taken up by the DNA of dividing cells during mitosis, to quantify cell proliferation in the 

brain (86–88).  As is depicted in Figure 2.2, there were 11 experiments across 10 

papers that used Ki-67 or BrdU alone, or in combination, to label proliferating cells in 

the adult dentate gyrus (Table 1). 

Figure 2.2 Visual representation of literature. Each histology image from left to right: Ki-

67, DCX, BrdU, and parvalbumin. 
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Table 2.1: Summary of perinatal alcohol exposure experiments concerning 

proliferation. In the exposure age and Test Age column “P” indicates 

postnatal day and “E” indicates embryonic day. 

Paper Exposure 

Age 

Model Sex Test 

Age 

Marker/ 

Stain Used 

Main Finding 

(Gil-Mohapel et 

al., 2011) 

E1-P9 Rat M P78-

82 

BrdU No Change 

Ki-67 No Change 

(Gil-Mohapel et 

al., 2014) 

E1-21 Rat MF P386 Ki-67 No Change 

(Hamilton et al., 

2011b) 

E1-P10 Rat MF P60 BrdU 2 hours No Change 

Ki-67 No Change 

P90 Ki-67 No Change 

(Klintsova et al., 

2007) 

P4-9 Rat M P50 BrdU No Change 

Ki-67 No Change 

(Olateju et al., 

2018) 

E7-E17 Mouse MF P56 Ki-67 No Change 

(Sliwowska et al., 

2010) 

E1-21 Rat M P60-

65 

BrdU No Change 

(Uban et al., 

2010) 

E1-21 Rat F P60-

65 

BrdU No Change 

 Seven experiments used the intrinsic marker for cell proliferation, Ki-67, to study how 

perinatal ethanol exposure affected cell proliferation in the adult hippocampus, but 

none of the studies showed any change in the number of Ki-67 immunopositive cells. 

Similarly, the four studies that used bromodeoxyuridine (BrdU; 50-200 mg/kg), a 

thymidine analogue that is injected and incorporated into the DNA of actively dividing 

cells, failed to document any changes following perinatal ethanol exposure. Thus, 
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whether endogenous or exogenous markers for cell proliferation were quantified, the 

results are in agreement that BrdU does not induce significant changes in this process in 

young adult animals.  

 

2.4.1.2 Cell Maturation  

Table 2.2: Summary of perinatal alcohol exposure experiments 

concerning maturation. In the exposure age and Test Age column “P” 

indicates postnatal day and “E” indicates embryonic day. 

Paper Exposure 

Age 

Model Sex Test 

Age 

Marker/ 

Stain Used 

Main Finding 

(Elibol-Can et 

al., 2014) 

E7-E20 Rat M P60 DCX No Change 

(Gil-Mohapel et 

al., 2011) 

E1-P9 Rat M P78-

82 

DCX No Change 

P115 DCX No Change 

(Gil-Mohapel et 

al., 2014) 

E1-21 Rat MF P386 DCX Decrease in F 

(Hamilton et 

al., 2011b) 

P4-P9 Rat MF P60 NeuroD Decrease 

P90 NeuroD Decrease 

(Olateju et al., 

2018) 

E7-E17 Mouse MF P56 DCX Decrease 

Doublecortin (DCX) is a microtubule-associated protein expressed by neuronal 

precursor cells and immature neurons. Thus, DCX positive cells represent a set cells 

across a broad developmental spectrum, ranging from immature neural progenitor 

(INP) cells (also known as Type 2B cells) to immature granule neurons (IGN) (89). Four 

papers assessed DCX immunoreactivity in the dentate gyrus (Table 2.2) following 
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perinatal ethanol exposure (90–93). Two papers showed no change in DCX 

immunoreactivity (90,92), one showed a significant decrease in DCX positive cells that 

was restricted to females (91), and one paper found a decrease in DCX cells in both 

males and females (93) (see Figure 2.2). To better elucidate changes in cellular 

maturation following perinatal ethanol exposure, we also examined papers that 

examined the basic helix loop helix transcription factor NeuroD (neurogenic 

differentiation factor 2). NeuroD is a marker expressed continuously by type 2b 

immature granule neurons once they begin to mature. We found that only one paper 

used NeuroD as a marker of maturation, and this work found that there was a decrease 

in the number of NeuroD positive cells in both male and female rats perinatally exposed 

to alcohol (52). This work provides some convergent evidence to support the conclusion 

that perinatal ethanol exposure does negatively impact neuronal maturation. 

2.4.1.3 Cell Survival 

Table 2.3: Summary of perinatal alcohol exposure experiments 

concerning survival. In the exposure age and Test Age column “P” 

indicates postnatal day and “E” indicates embryonic day; in the 

Marker/Stain Used column, “P” indicates the post natal day when 

subjects were injected with BrdU. 

Paper Exposure 

Age 

Model Sex Test 

Age 

What was 

Investigated? 

Marker/ Stain 

Used 

Main 

Finding 

(Gil-

Mohapel et 

al., 2011) 

E1- P9 Rat MF P90 Dividing Cells BrdU, P60 No 

Change 

(Hamilton 

et al., 

2011b) 

P4-9 Rat MF P115 Dividing Cells BrdU P80 Decrease 
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(Klintsova 

et al., 2007) 

P4-9 Rat M P80 Dividing Cells BrdU P50 Decrease 

(Sliwowska 

et al., 2010) 

E1-21 Rat M P81-

86 

 
BrdU P60-65 No 

Change 

(Uban et al., 

2010) 

E1-21 Rat F P81-

86 

Dividing Cells BrdU P60-65 No 

Change 

0-3 Week Old 

Glia 

GFAP/BrdU 

P60-65 

No 

Change 

0-3 Week Old 

Mature 

Granule 

Neurons 

NeuN/BrdU 

P60-65 

No 

Change 

 

BrdU can be used to examine cell survival if it is injected 3-6 weeks prior to tissue being 

collected for histology (94). This allows sufficient time for new cells to develop and 

become functional (76). BrdU is only available to be incorporated into dividing cells 

within 2-3 hours of being injected (87), so it does not stain cells that are born after this 

time point; allowing researchers to compare the number of cells stained initially (in the 

immediate perfusion group) to the number of cells present after a given amount of time 

(a second experimental group). There were seven papers where BrdU assays were 

conducted on brain samples collected to study cell survival (see Table 2.3). In one 

study, where rats were injected with BrdU (200 mg/kg) at postnatal day 80 (P80) and 

their brains were collected at P115, a decrease was found in the number of BrdU positive 

cells in animals exposed to alcohol perinatally (52) . In a second paper, two BrdU 

experiments were reported. In this work, BrdU (50 mg/kg) was injected every second 
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day from P30-P50 and then brains are collected at either P50 or P80 (95). The number 

of BrdU positive cells was found to be equivalent in animals assessed at P50, but a 

decrease in numbers was observed at P80. One study was performed where BrdU was 

injected at P60 and brains collected at P90 and no change in BrdU immunoreactivity 

was found (91). Two studies injected BrdU between P60 and P65 and analyzed the 

brains between P81 and P86 (three weeks later) and found no change in the number of 

BrdU labeled cells relative to controls (96,97). One study utilized double labelling to 

assess the survival of new glial cells (GFAP/BrdU) as well as the survival of new granule 

neurons (NeuN/BrdU) and found no change in the proportion of each, relative to 

control, in either condition (97). Thus, the majority of studies indicate that perinatal 

alcohol exposure does not have a significant impact on cell survival. 

2.4.1.4 Inhibitory Neuron Numbers 

Table 2.4: Summary of perinatal alcohol exposure experiments 

concerning interneurons. In the exposure age and Test Age column “P” 

indicates postnatal day and “E” indicates embryonic day. 

Paper Exposure 

Age 

Model Sex Test 

Age 

What was 

Investigated? 

Marker/ 

Stain Used 

Main Finding 

(Lu et al., 

2018b) 

E9-20 Rat M P84 GABAergic 

Mature Neurons 

NeuN and 

GAD67 

Increase 

Glutamatergic 

Mature Neuron 

NeuN and 

Glutamate 

Decrease 

(Elibol-

Can et al., 

2014) 

E7-E21 Rat MF P60 Venus-VGAT CA1 Decreased in M 

CA3 Decreased in M 

GCL Decreased in MF 

Hilus Decreased in M 
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Ethanol is known to directly impact inhibitory cells in the brain, however only a few 

studies have examined the impact of perinatal ethanol exposure on these cells in the 

dentate gyrus (see Table 2.4). In one study, a transgenic mouse model (Venus-VGAT) 

was used that allowed them to directly visualize inhibitory (GABAergic) interneurons 

(98). This paper found a decrease in the number of interneurons in the granule cell layer 

(GCL) of the dentate gyrus. The other paper took a more traditional histological 

approach and labelled cells with NeuN, a mature neuron marker, a marker for the 

excitatory neurotransmitter glutamate, or with a GAD67, a marker of inhibitory 

interneurons. This study only assessed males, but in these they found an increase in 

neurons double-labelled with NeuN and Glutamate, and an decrease in cells double-

labelled with NeuN and GAD67 (99). Thus, both studies assessing inhibition found 

perinatal alcohol exposure to result in decreased numbers of interneurons in the granule 

cells layers.  

2.4.2 Perinatal Marijuana 

Two studies assessing the effects of perinatal marijuana exposure in adult rats and mice 

were found. One perinatal marijuana study assayed two types of interneuron counts in 

transgenic mouse lines. They found that CCK positive Caudal Ganglionic Eminence 

Derived Interneurons decreased in adult mice perinatally exposed to THC but Medial 

Ganglionic Eminence Derived Interneurons showed no change (100). The other 

perinatal marijuana study assayed CB1 receptor levels and found an increase in the CA1 

area of the Hippocampus (1).  

Table 2.5: Results of PRISMA showing the impact of perinatal 

marijuana and perinatal alcohol in the Hippocampal formation of adult 



21 
 

 

rats and mice. A/M indicates if the perinatal exposure is alcohol(A) or 

marijuana(M). M and F in the “Main Finding” column indicate when 

there are sex differences in the results. Exposure and test ages are 

reported as embryonic (E) days of age or postnatal (P) days of age. 

Abbreviations are as follows: Immature neural progenitor (INP), 

immature granule neurons (IGN), gamma-aminobutyric acid (GABA), 

Cornu Ammonis area 1 (CA1), Cornu Ammonis area 2 (CA2), Cornu 

Ammonis area 3 (CA3), dentate gyrus (DG), and granule cell layer (GCL). 

Marker purposes are as follows: DCX (doublecortin, a neuronal migration 

protein), Venus-VGAT (a transgenic construct that labels GABAergic 

neurons), BrdU (bromodeoxyuridine, a thymidine analogue that labels 

DNA synthesis), Ki-67 (antigen Ki-67, a marker of proliferation), GFP 

(green fluorescent protein), CB1R (cannabinoid receptor type 1), NeuroD 

(Neurogenic differentiation factor 2, a marker of type 2b immature up to 

mature granule neurons), NeuN (neuronal nuclei, a mature neuron 

marker), and GAD67 (glutamate decarboxylase 67 kilodalton isoform).  
A/

M 

Exposur

e Age 

Mode

l 

Se

x 

Test 

Age 

What was 

Investigated? 

Marker/ 

Stain Used 

Hippocamp

al Subregion 

Main 

Finding 

1 A P2-P9 Mous

e 

MF P90 GABA 

Interneurons 

Venus-

VGAT 

CA1 Decrease

d in M 

CA3 Decrease

d in M 

GCL Decrease

d in MF 

Hilus Decrease

d in M 

2 A E7-E21 Rat M P60 Type 2b INP to 

Immature 

Granule 

Neuron 

DCX CA1 No 

Change 

CA2+3 No 

Change 
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DG No 

Change 

3 M E10.5-

E17.5 

Mous

e 

MF P20-

P60 

Cannabinoid 

receptor type 1 

CB1R CA1 Decrease 

in M 

Cholecystokini

n interneurons 

CCK CA1 Decrease 

in M 

4 A E1-21 Rat M P78-

82 

Dividing Cells BrdU DG No 

Change 

Type 2b INP to 

IGN 

DCX DG No 

Change 

Dividing Cells Ki-67 DG No 

Change 

P115 Dividing Cells BrdU, P80 DG Decrease 

Type 2b INP to 

IGN 

DCX DG No 

Change 

5 A E1-P9 Rat MF P38

6 

Type 2b INP to 

IGN 

DCX DG Decrease 

in F 

Dividing Cells Ki-67 DG No 

Change 

6 A P4-9 Rat MF P60 Dividing Cells BrdU 2 

hours 

DG No 

Change 

Dividing Cells Ki-67 DG No 

Change 

Type 2b INP to 

Mature 

Granule 

Neuron 

NeuroD DG Decrease 
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P90 Dividing Cells BrdU P60 DG No 

Change 

Dividing Cells Ki-67 DG No 

Change 

Type 2b INP to 

Mature 

Granule 

Neuron 

NeuroD DG Decrease 

7 A P4-9 Rat M P80 Dividing Cells BrdU DG Decrease 

P50 Dividing Cells BrdU DG No 

Change 

P50 Dividing Cells Ki-67 DG No 

Change 

8 A  E9-20 Rat M P84 GABAergic 

Mature 

Neurons 

NeuN and 

GAD67 

CA3 Increase 

DG Increase 

Glutamatergic 

Mature 

Neuron 

NeuN and 

Glutamate 

CA3 Decrease 

DG Decrease 

9 A E7-E17 Mous

e 

MF P56 Type 2b INP to 

Immature 

Granule 

Neuron 

DCX DG Decrease 

Dividing Cells Ki-67 DG No 

Change 

1

0 

A E1-21 Rat M P60-

65 

Dividing Cells BrdU GCL No 

Change 
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Hilus No 

Change 

P81-

86 

BrdU P60-

65 

GCL No 

Change 

Hilus No 

Change 

11 M E5.5–

E17.5  

Rat M P12

0 

CB1 Positive 

Boutons 

CB1R CA1 Increase 

12 A E1-21 Rat F P60-

65 

Dividing Cells BrdU GCL No 

Change 

P81-

86 

Dividing Cells BrdU P60-

65 

GCL No 

Change 

0-3 Week Old 

Glia 

GFAP/Brd

U P60-65 

GCL No 

Change 

0-3 Week Old 

Mature 

Granule 

Neurons 

NeuN/Brd

U P60-65 

GCL No 

Change 

13 M E10.5-

E18.5 

Mous

e 

MF P30 Caudal 

Ganglionic 

Eminence 

Derived 

Interneurons 

GFP 

(5HT3AR-

GFP 

transgenic 

line) 

DG/ Hilar 

Border 

Decrease 

Medial 

Ganglionic 

Eminence 

Derived 

Interneurons 

GFP 

(NKX2.1-

cre:RCE-

GFP 

DG/ Hilar 

Border 

No 

Change 
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transgenic 

line) 

1. (98) 

2. (90) 

3. (75) 

4. (92) 

5. (91) 

6. (101) 

7. (95) 

8. (102) 

9. (93) 

10. (96) 

11. (1) 

12. (97) 

13. (100) 

2.5 Discussion 

2.5.1 Perinatal Alcohol in the Dentate Gyrus 

This review found that in adult rats and mice perinatally exposed to alcohol, most 

components of adult neurogenesis do not appear to be significantly affected, but there is 

evidence for changes in interneurons in the hippocampus (Table 2.5). This review 

intended to investigate changes in the hippocampus caused by perinatal alcohol and 

marijuana exposure, however, a paucity of papers devoted to this topic required a focus 

on the review of perinatal alcohol exposure effects alone, although two papers on 

perinatal marijuana exposure did meet our criteria. To date, only one paper has been 

published that assesses the interaction of perinatal administration of these substances at 

the cellular level, but no papers have assessed this in the developing hippocampus (84). 

As this area of research is in its infancy, this review hopes to shed light on possible 
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directions for future SAM and perinatal cannabis research, based upon likely points of 

interaction.  

DCX is first expressed in type 2b immature neural progenitor cells but is 

produced continuously until the cell is an immature granule neuron (103). BrdU and Ki-

67 are both markers of proliferation and the results of one are often used to validate the 

other (104). To this end, it can be seen that in rats and mice perinatally exposed to 

alcohol, there is no large long-lasting effect on the number of actively dividing cells in 

the dentate gyrus. NeuroD is also a marker of maturation and in the prior study that 

utilized it as a marker, a decrease was found. 

BrdU is injected before the animal is euthanized. Cells that incorporate BrdU are 

actively dividing at the time of injection (104). Therefore, when collecting tissue at 

advanced time-points, BrdU can assay temporally discrete populations of cells 

undergoing DNA synthesis (104). The studies that used BrdU to assess proliferation 

(injection immediately before euthanasia) found no change in proliferation, however 

half of the studies which followed an adult population of cells over a month-long 

window found a decreased number of BrdU-stained cells. This indicates that the 

population of cells dividing at the time of BrdU injection are not surviving in the same 

proportions of survival rates observed in control animals.  

In perinatal alcohol exposure, research suggests that most damage happens due to cell 

loss early in development, and although some recovery occurs in terms of medically 

observable phenotype, this is caused by a slow recovery of the affected cell population 

throughout the individual’s life (105). A second mechanism proposed suggests that cell 

death is caused by a loss of inhibitory interneurons and subsequent excitotoxicity or 
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aberrant dendritic pruning (106). Two papers were found on this subject; one showed a 

statistically significant change in the balance of inhibitory and excitatory neurons in the 

dentate gyrus, and the other suggested that one specific type of interneuron is 

decreasing (99,100).  

2.5.2 Perinatal Marijuana in the Dentate Gyrus 

Three papers that assessed the adult effects of perinatal marijuana exposure were 

identified. One found a decrease in cholecystokinin (CCK) positive interneurons that 

arise from the caudal ganglionic eminence, and no change in interneurons arising from 

the medial ganglionic eminence in the dentate gyrus of mice (100). This suggests that 

moving forward, more research is required to understand the effects on interneuron 

subtypes and their implications in disease. The second paper discussed the cannabinoid 

receptor type 1 (1). This receptor is expressed in inhibitory neurons, so an increase in 

CB1 expression could indicate either that the number of interneurons is increasing, or 

that CB1 is being upregulated (107).  A new paper found a significant decrease in CB1R 

expression in males but not females, which is opposite to findings of an increase in CB1-

positive boutons  (1,75). De Salas-Quiroga et al. also found that there was a marked 

decrease in the number of CCK-positive interneurons in the CA1 region of the 

hippocampus, which agrees with other published work, however, the effect was only 

significant in males (61,75). 

The data found in this review suggests that the balance between inhibition and 

excitation may be where the largest effect will be seen in emerging SAM models. It is 

tempting to hypothesize that the actions of simultaneous perinatal alcohol and 

marijuana exposure will be synergistic because it appears these substances target two 
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different sites. Specifically, alcohol appears to primarily target post-synaptic GABA 

receptors, whereas cannabinoids seem to target presynaptic CB1 receptors (23,108). 

Studies done on these receptors in the absence of SAM conditions also support this 

finding (109–112).  

  

2.6 Conclusions 

This systematic literature review, conducted using PRISMA-style search criteria, 

suggests that an interaction of alcohol and marijuana in a SAM model of exposure could 

influence inhibitory interneurons of the dentate gyrus. This study found that in adult 

rats and mice perinatally exposed to alcohol, within the dentate gyrus, proliferation is 

not affected but migration, maturation, survival, and interneurons are all affected. The 

papers pertaining to marijuana exposure suggested differences in interneurons, thus 

interneurons are the likely point of convergence of these two drugs. Specifically, CB1 

receptors are expressed largely in the second trimester in the hippocampus, are 

presynaptic, and their activation leads to decreased GABA release. GABA is integral to 

the spatiotemporal integration of developing neurons. Perinatal THC exposure and 

perinatal alcohol exposure overlap in their ability to affect the maturation and 

integration of pyramidal neurons in the dentate gyrus. Therefore, future studies may 

show circuit integration and cell survival in pyramidal neurons in the dentate gyrus of 

SAM-exposed animals. As research begins to acknowledge the patients exposed to both 

alcohol and marijuana perinatally, an understanding of the underlying mechanism will 

allow clinicians to better diagnose, and hopefully treat, this understudied population.    
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CHAPTER 3 

Published: Prenatal alcohol and cannabis exposure can have 

opposing and region-specific effects on parvalbumin 

interneuron numbers in the hippocampus. 

 

3.1 Abstract 

3.1.1 Background: We have recently shown that alcohol and cannabis can interact 

prenatally, and in a recent review paper we further identified interneurons in the 

hippocampus as a potential point of convergence for these teratogens. 

3.1.2 Methods: A 2 (EtOH, Air) x 2 (THC, Vehicle) design was used to expose 

pregnant Sprague-Dawley rats to either EtOH or air, in addition to either THC or the 

inhalant vehicle solution, from gestational days 5-20. Immunohistochemistry was 

performed to detect parvalbumin-positive interneurons in one male and one female pup 

from each litter at post-natal day (PND) 70. 

3.1.3 Results: Significant between-group, and sub-region specific, effects were 

found in the dorsal CA1 subfield, as well as the ventral DG. In the dorsal CA1 subfield, 

there was an increase in the number of PV interneurons in both the EtOH and EtOH + 

THC groups, but only a possible decrease with THC alone. There were fewer changes in 

interneuron numbers overall in the DG, however, a sex difference was found, and a 

decrease in the number of PV interneurons in the THC-exposed group was observed in 

the male ventral DG. There was also an increase in cell layer volume between the EtOH 
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+ THC group and control group in the DG, and an increase from the control and THC 

group to the EtOH group in the CA1 region. 

3.1.4 Conclusions: Prenatal alcohol and prenatal THC exposure differentially 

affect parvalbumin interneuron numbers in the hippocampus, indicating that both 

individual and combined exposure can impact the balance of excitation and inhibition in 

a structure critically involved in learning and memory processes. 

3.2 Introduction 

With the legalization of cannabis in many regions of the world, there is increasing 

interest in the potential for cannabis, particularly its psychoactive component Δ⁹-

tetrahydrocannabinol (THC), to have teratogenic effects (113). Approximately 3% of 

women use alcohol and/or cannabis heavily throughout pregnancy (40,114,115), so it is 

important to understand the effects of each compound alone, as well as any potential 

synergy between THC and alcohol (40,115). Indeed, our recent studies indicate that the 

simultaneous consumption of alcohol and THC (A/C)  during pregnancy can affect 

blood alcohol levels (116).  

Both THC and alcohol (ethanol, EtOH) affect the hippocampus, which plays a central 

role in learning and memory processes (117–120). The hippocampal formation is a brain 

region that consists of two main subdivisions, the dentate gyrus (DG) and the cornu 

ammonis (CA) (121). The DG is known to play a role in spatial memory and object 

recognition (122,123), whereas the CA subfield is implicated in autobiographical and 

social memory (124,125). 
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We have recently published a systematic review (126) that suggested that hippocampal 

interneurons may be a focal point for the actions of both THC and ethanol in the 

developing brain. In part, this is because THC activates CB1 receptors, which can change 

GABA release, and further. After all, repeated THC exposure causes a change in CB1 

receptor levels (127,128).  CB1 receptors are Gi/o coupled receptors activated by the 

endogenous cannabinoids anandamide and 2-arachidonoylglycerol under normal 

conditions (129). Their activation in excitatory cells inhibits adenylyl cyclase activity, 

preventing neurotransmitter release at the synapse (129). For the CB1 receptors on 

interneurons, this means that cannabinoid binding suppresses GABA release during 

acute activation. However, repeated exposure to exogenous cannabinoids (e.g., THC) 

can cause downregulation of these receptors and therefore increase GABA release (130). 

Although there is a ~20-fold increase in CB1 receptors in GABAergic cells compared 

with other cell types, CB1 receptors also exist on astrocytes, microglia, and 

glutamatergic cells (131,132). When glutamatergic and astroglial CB1 receptors are 

activated in the hippocampus, a signal transduction cascade is activated that causes the 

removal of AMPA receptors (133). GABAA receptors are chloride ion channels found 

post-synaptically (121). In most cases, the extracellular chloride concentration is much 

higher than the intracellular concentration of an excitatory neuron. This means that 

when GABA is released and the GABAA channel opens, negatively charged chloride ions 

travel into the cell along its concentration gradient and cause the cell to become 

hyperpolarized and unable to propagate excitatory inputs. However, in development, 

the KCC2 receptor (a potassium-chloride co-transporter), is not yet upregulated (134), 

so these inputs act as excitatory inputs because the intracellular chloride concentration 
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is higher than the extracellular concentration. This is an important process for circuit 

establishment, and also a reason for hyperexcitability with prenatal A/C exposure. 

Interneurons play an important role in the hippocampus, controlling excitatory cells 

through GABAA receptors, and research suggests that they can also exhibit synaptic 

plasticity (118). While there are several immunohistochemically distinct interneurons in 

the hippocampus (18), the parvalbumin (PV) interneurons play a distinct role in 

hippocampal memory-related processes (see Figure 3.1 for PV cell location). They 

coordinate excitatory networks in memory consolidation (135), are essential for spatial 

working, but not reference, memory (136), and act as a discriminator in social memory 
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(137). PV-positive interneurons are also integral in producing gamma oscillations and 

are considered central to the maintenance of the inhibitory/excitatory balance (138). 

In this paper, we assess the effect of prenatal alcohol exposure, prenatal THC exposure, 

and the combination of the two on PV interneuron numbers in the CA1 and DG subfields 

of the hippocampal formation. PV interneurons are fast-spiking, integral to the 

Figure 3.1 Schematic of Parvalbumin positive cell axonal and dendritic position in the 

hippocampus. (A) Schematic showing the relative position of PV positive cells in the CA1 and 

DG of the hippocampus. Note how the majority of connections are located in the CA1 and DG 

cell layers. S.O.: stratum oriens; S.P.: stratum pyramidales; S.R.: stratum radiatum; S.L.M.: 

stratum lacunosum moleculare; M.L.: molecular layer; G.L.: granule layer; H.: hilus. 
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processes of feedforward, feedback, and lateral inhibition, and are abundant in the 

stratum pyramidale (SP) layer of CA1 and the granule cell layer (GCL) of the DG (139). 

Loss of these interneurons has been associated with schizophrenia, Lewy Body 

Dementia, and chronic stress (140–142).  Further, these cells are thought to influence 

adult neurogenesis and play a role in spatial working memory, novel object exploration, 

and novel object location recognition (143,144). This work seeks to investigate 

population changes in PV interneurons in adult rats that were prenatally exposed to 

prenatal ethanol vapor, THC vapor, or a combination of both. 

 

3.3 Materials and Methods 

Female Sprague-Dawley rats (n=24) were assigned to receive 1 of 4 experimental 

conditions (EtOH or Air), and (THC or Vehicle (VEH; propylene glycol, Sigma-Aldrich; 

see Figure 3.2). Thus, there were 4 total conditions: EtOH + THC (n=6), EtOH + VEH 

(EtOH; n=6), Air + THC (THC; n=5) and Air + VEH (VEH; n=6). Pregnancy was 

confirmed in all dams by the presence of a seminal plug, and this was designated as 

gestational day (GD) 0. Pregnant rats were exposed to their assigned drug exposure 

condition once daily from GD 5 to GD 20 in a vapor inhalation chamber (La Jolla 

Alcohol Research Incorporated, La Jolla, CA). 
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Pregnant rats were exposed to 95% EtOH (68 mL/hour; Sigma-Aldrich) or Air for 3 

consecutive hours at an airflow of 2 L/min. Then, subjects were either exposed to THC 

(100 mg/mL; NIDA Drug Supply Program) or the VEH (propylene glycol; Sigma-

Aldrich) at an airflow rate of 2 L/min; THC and VEH were administered in single 6-

second puffs every 5 min for a 30-min period (7 puffs total). An additional 10 minutes of 

airflow was administered before opening the chambers to remove any residual 

vaporized drug. Dams gave birth on GD 22, and litters were culled on postnatal day (PD) 

2. One male and one female pup from each dam were used in this study. All animals 

used in this study had previously been tested in an open field (PD 31-34); measuring 

Figure 3.2 Pregnant rats were exposed to 95% EtOH or Air for 3 consecutive hours at 

an airflow of 2 L/min. Afterwards, all rats were either exposed to THC or propylene 

glycol vehicle at an airflow of 2mL/min. Blood samples were taken on GDs 5, 10, 15, 

and 20. Between PD60-70, the adult offspring were deeply anesthetized with lethal 

ketamine (67 mg/mL) and xylazine (6.7 mg/mL) and underwent transcardiac perfusion. 

Brains were collected and post-fixed in 4% paraformaldehyde for 24 hours. Brains were 

sliced at 50 μm for histology. 
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activity levels in the open field is not expected to influence hippocampal interneurons 

(81). 

Between PD 60-70, the adult offspring were deeply anesthetized with a lethal ketamine 

(67 mg/mL) and xylazine (6.7 mg/mL) dose (0.001 mL/g) and transcardially perfused 

with cold saline followed by 4% paraformaldehyde (PFA) in a phosphate buffer. Brains 

were extracted and post-fixed in 4% PFA for 24 hours. Brains were sectioned using a 

Leica vibratome into 50 µM slices. Immunohistochemistry was performed using a 1 in 6 

series of tissue. A 5-minute incubation in 1% sodium borohydride in PBS was used for 

antigen retrieval. MilliporeSigma mouse anti-PV antibody (MAB1572) was used at 

1:1000 in 3% normal goat serum (NGS) and 0.5 % Triton X-100 in PBS (0.5% PBST) for 

48 hours at 4 °C with shaking. Biotinylated goat anti-mouse secondary antibody 

(ThermoFisher # 31804) was used at 1:500 in 3% NGS and 0.5% PBST for 2 hours at 

room temperature with shaking. Development for light microscopy was performed with 

Vectastain ABC Elite avidin-biotin-peroxidase complex and 3,3'-Diaminobenzidine 

(Vector laboratories Burlingame, CA).  ABC and DAB were prepared as per supplier 

instructions. For fluorescent microscopy, Alexa 488 conjugated goat anti-mouse 

secondary (ThermoFisher # A-11001) was used at a 1:500 concentration in 3% NGS and 

0.5% PBST. Cresyl Violet staining was performed on a 1 in 12 section of tissue from the 

same set of brains as described previously (145). Profile counts of PV cells were 

performed at 40x using an Olympus brightfield CX21 microscope (Olympus 

Corporation, Center Valley, PA, USA), and images for area analysis were taken using an 

Olympus brightfield BX51TF microscope (MBF Bioscience, Williston, VT, USA) using 

StereoInvestigator software version 11.03 (MBF Bioscience, Williston, VT, USA), area 
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analysis was performed using FIJI-Image J (Version 1.52p, National Institutes of 

Health, USA) (see figure S1 for areas measured and S2 for representative DAB stained 

images). Fluorescent images were taken using an Olympus BX61WI confocal laser 

scanning microscope and Olympus FluoView FV10-ASW 1.7c software (Olympus 

Corporation, Center Valley, PA, USA). Reconstruction of PV cell density was performed 

in two steps. First, each cell count in a given slice, side, and area (for example the left 

granule cell layer in the DG of one slice) was divided by the measured area, in mm2. 

Following this, the cell densities were averaged for each brain in the dorsal CA1, ventral 

CA1, dorsal DG, and ventral DG.  A calculation of per region was done by multiplying the 

average density by 2400 µM, the normalized length for half of an adult rat hippocampus 

(146). To add context to any observed changes in PV cell density, the number of overall 

cells was also assessed by way of Cresyl Violet staining. Cresyl Violet analysis occurred 

as follows: an image of the dorsal and ventral granule and pyramidal cell layers (in the 

DG and CA1 respectively) were taken using StereoInvestigator 03 (MBF Bioscience, 

Williston, VT, USA) and an Olympus BX51TF microscope. Images were analyzed in 

FIJI-ImageJ (Version 1.52p, National Institutes of Health, USA (Figure S 3.3)) to 

allow analysis to be completed from home computers. Stained sections were assessed by 

counting the cells in 3 2000 μm2 boxes per animal in both the dorsal and ventral 

regions. We took one box aligned from the top, middle, and bottom of the cell layer for 

this analysis, so that if there were changes in density through the layer, we were 

measuring it evenly. Within that, we took boxes in as random a fashion as possible. A 

comparison between the number of PV neurons and the Cresyl Violet stained cells was 

calculated by dividing the density of PV neurons in the pyramidal layer of the CA1, or 

the granule layer of the DG, by the density of Cresyl Violet stained cells in the total 
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sample area of 6000 μm2 in the same respective cell layers. The resulting number is 

reported as the inhibitory ratio. Dorsal and ventral slices were classified using the Matt 

Gaidica Rat Brain Atlas where dorsal was bregma -1.88 to -4.16 and ventral was bregma 

-4.52 to -6.04. These coordinates were chosen by taking the entire length of the 

hippocampus and dividing by two then using the closest plate to those numbers in the 

atlas.  All statistics using the general linear model were done using IBM SPSS statistics 

software and estimation statistics and figures were made using R (147,148). A 95% 

confidence interval was used as the statistical threshold in this study, and all post-hoc 

tests were performed using a Tukey test. 

3.4 Results 

Figure 3.3 

Representative 

confocal images of 

cells positive for 

parvalbumin (green) 

in the CA1 region of 

the hippocampus in 

P70 Sprague-Dawley 

rats, counterstained 

with Hoechst (blue). 

The images show 

representative 

examples of stained 

sections from (A) the 

air alone exposure 

group; (B) the THC 

exposure group; (C) 

the EtOH exposure 

group; and (D) the 

EtOH + THC 

exposure group. 

Scale bar = 50 

microns. 
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Data were analyzed with a multi-way ANOVA with Tukey post-hoc tests, and supported 

with estimation statistics. 

An initial multivariate 

analysis of variance 

(ANOVA) showed a 

statistically significant 

effect of dorsal versus 

ventral location and a 

significant effect of 

treatment in the CA1 and 

DG for parvalbumin-

positive cell density (p = 

0.008, p = 0.003, see 

Supplementary Tables 

3.1 and 3.2). Power 

analysis performed with G* 

Power software based on 

cell counts showed a large 

effect size and suggest the 

number of animals and 

number of slices per 

animal was appropriate. 

 

Figure 3.4 Representative confocal images of PV cells in the DG 

of P70 Sprague-Dawley rats. Calculated numbers of 

parvalbumin-positive cells in rats exposed to air, THC, EtOH, 

and EtOH + THC from GD5-20 in the dorsal and ventral CA1 

hippocampal region. Animals assessed at P70. Data collected as 

profile counts of a DAB stained 1 in 6 series of tissue. Cohen’s D 

of effect size shown where each experimental group is compared 

with control. 
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In the dorsal CA1, there was a trend towards increase in the inhibitory ratio of PV cells 

in the EtOH group (p = 0.081) compared with the THC alone group, and a significant 

increase in the EtOH + THC groups compared with the THC group (p = 0.021) 

(Figures 3 and 4).  

 

There was no 

significant 

difference 

between the Air + 

Vehicle group and 

the THC exposed group in the Tukey post hoc test, however, estimation statistics 

suggest that there may be a decrease in the number of cells (Figure 3.4). This is also 

reflected in cell count data (reconstructed without area measurement) (Figure S 3.4). 

Figure 3.5 

Representative 

confocal images of 

PV cells in the DG of 

P70 Sprague-Dawley 

rats, counterstained 

with Hoechst. A. Air 

exposure group. B. 

THC exposure group. 

C. EtOH exposure 

group. D. EtOH + 

THC exposure group. 
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In the ventral CA1, in 

contrast to the dorsal 

CA1, no significant effects 

were found in the density 

of PV interneurons 

(Figures 3.3 and 3.4). 

Interestingly, there was a 

significant increase in the 

cell layer volume between 

the Air + Vehicle and 

THC groups when 

compared with the 

Ethanol alone group 

(Figure S 3.5). Further, 

the cell count data alone 

(Figure S 3.4), reflected 

the trend of dorsal CA1 

with the exception that 

the decrease in cell 

number from control to 

THC reached the 

threshold of significance. 

When the number of 

Cresyl Violet stained cells 

Figure 3.6 Calculated numbers of parvalbumin-positive cells 

in rats exposed to air, THC, EtOH, and EtOH + THC from 

GD5-20 in the dorsal and ventral dentate gyrus. Animals 

assessed at P70. Data collected as profile counts of a DAB 

stained 1 in 6 series of tissue. Cohen’s D of effect size shown 

where each experimental group is compared with control. 
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was sampled in three 2000 μm2 boxes of the cell layer, no differences were found 

(Figure S 3.6). 

The initial three-way ANOVA in the dentate gyrus showed a potential interaction 

between sex and dorsal or ventral location relative to PV neuron density (p = 0.054), so 

for this analysis, results were split by both sex and dorsal or ventral location (Cohen’s D 

= -0.738). Tukey post-hoc analysis showed no changes were observed in the dorsal DG 

in any groups (Figures 3.5 and 3.6). In the ventral DG, there was a trend toward a 

decrease in the number of PV cells in the THC exposed group (p = 0.057). The likelihood 

of this trend being real is supported by estimation statistics with a Cohen’s D value of -

1.49.  There was a significant increase in granule cell layer volume between the EtOH + 

THC group and the control group in the dentate gyrus (p = 0.004, Figure S 3.5). 

We also investigated the relative change between the density of PV interneurons in the 

dorsal and ventral regions relative to each exposure group (Figure S 3.7). There was a 

trend toward a decrease between the THC-alone and Ethanol-alone groups in the male 

dentate gyrus (p = 0.092). 

3.5 Discussion 

To our knowledge, this is the first paper to study PV interneurons using this 

model. Although we are unable to compare directly with previous research, the present 

findings are in line with those by Lu et al. who used a similar model with the more 

general interneuron marker glutamic acid decarboxylase 67 (149). Between estimation 

and ANOVA statistics, there is likely a decrease in PV interneuron density in the dorsal 

CA1 region, suggesting that in our model, there is a main effect of THC that is not seen 
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in the dual exposure (Figures 3.3 and 3.4). Given that there is an increase in the cell 

layer volume in the EtOH group but no change in cell numbers, there could be an 

increase in the overall number of cells in the ethanol group not seen in the EtOH + THC 

group. 

Unlike the CA1 region, there were probable sex differences in the DG. This 

suggests that neurogenesis is differently affected in males and females exposed to these 

teratogens. The only significant change seen in this group in the density of PV 

interneurons was a decrease in the THC exposed group compared with all other groups 

in the male ventral region (Figures 3.5 and 3.6). However, the fact that there is also 

an increase in the cell layer volume in the EtOH + THC group compared with the control 

group, and no change in the overall cell density, suggests that there are more cells in the 

EtOH and THC group. 

Considering that prenatal alcohol exposure is known to cause GABAA receptor 

hyperexcitability, these results are perhaps surprising, as one might expect that PV 

interneurons may be downregulated in response to the increased efficacy of GABA (58). 

However, one must also consider that the net effect of FASD is network 

hyperexcitability, which is seen clinically as a comorbidity with epilepsy in more 

extreme cases (150). Further, the greatly differing effects of prenatal versus postnatal 

exposure must be considered. Prenatal exposure not only effects circuit development, 

but also occurs at a time before the GABA switch, a process where KCC2 chloride 

receptors are upregulated (134). Before this upregulation, the intracellular 

concentration of chloride is so high that when the existing chloride channels open, the 

ions exit the cell along its concentration gradient, causing interneurons to have an 
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excitatory effect in utero (134). Lastly, interneurons in the hippocampus all migrate 

from either the caudal or medial ganglionic eminences during development and the 

cannabinoid system has been implicated in this (128). Therefore, it is possible that an 

upregulation of the number of neurons is a response to prenatal ethanol exposure that is 

inhibited by THC− leading to worse behavioral outcomes (113). Further research is 

required to parse out what changes occur due to the initial teratogenic insult and what 

effects, if any, result from the body’s attempt to mitigate the injury. 

THC tended to cause either a trend towards a decrease or a significant decrease in the 

number of PV cells. While no completely parallel literature was identified, Vargish et al. 

found a decrease in the number of cholecystokinin-positive positive interneurons in the 

DG, however only in those derived from the caudal ganglionic eminence (128). It is 

important to note that while cholecystokinin-positive and PV interneurons are found in 

the hippocampus, most cannabinoid receptor 1 (CB1) receptors are found on 

cholecystokinin-positive positive interneurons and not PV positive interneurons (75), 

although there is evidence of this outside the hippocampus (151). This is relevant 

because THC acts predominantly on CB1 receptors thus it is expected that THC would 

affect PV and CCK interneurons differently. CB1 receptors are Gi/o coupled;  CB1 

receptor activation results in a signal cascade that inhibits the release of 

neurotransmitter vesicles at the synapse (70). For these reasons, future work should 

assess cholecystokinin-positive interneurons. Work by Tortoriello et al. found an 

increase in the number of CB1 receptors the CA1 of adult rats exposed to THC prenatally 

(1). While more research is needed to strengthen these results, it possible that the 

decreased number of cholecystokinin-positive interneurons each express relatively more 
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CB1 receptors. This is relevant to PV interneurons as interactions between 

cholecystokinin-positive interneurons and PV interneurons may be a good line of 

enquiry for future research to determine why this drop in PV interneurons is observed.  

Loss of PV interneurons could be directly from prenatal THC exposure, or could be 

selective degeneration as the brain’s attempt to curb excessive inhibition. Fish et al. 

recently published a paper suggesting that prenatal cannabinoids interact with alcohol 

through a CB1-smoothened (Smo) pathway. Smo is a G-protein coupled receptor 

(GPCR) that acts to lower adenylyl cyclase activity (113).  Specifically, they found that 

prenatal ethanol exposure inhibits sonic hedgehog (Shh) signalling, thereby increasing 

intracellular oxysterol, which then activates the smoothened protein (113). CB1 is found 

in heteromeric subunits with Smo, therefore overall adenylyl cyclase activity is 

decreased by a CB1 mechanism during prenatal THC exposure, and Smo via prenatal 

alcohol exposure, thus GABA is further released due to a loss of inhibition of 

neurotransmitter vesicle fusion (113). 

After our initial results we were curious if differing numbers of inhibitory neurons could 

reflect a differing requirement for inhibition. So, to contextualize our results we 

analyzed the area measurements collected alone as well as a sampled density of Cresyl 

Violet stained cells. Interestingly, we found no change in density in any region, but an 

increase in cell layer volume in the dentate gyrus of EtOH + THC exposed animals and 

in the CA1 pyramidal layer of EtOH exposed animals. This suggests that in these cases 

that the numbers of total cells are increasing in this layer, which may speak to changes 

in neurogenesis, in the case of the dentate gyrus. But, considering that the changes are 

also seen in CA1, future research should take early timepoints into account. As a caveat, 
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it is worth noting that the magnitude of these changes is not resolvable with our 

analysis, and could partially be attributed to the changes in interneuron number. 

Further work is needed to elucidate the immediate and latent effects of combined 

prenatal alcohol and cannabis. 

PV interneurons have been implicated in lateral inhibition, network synchrony, and 

neurogenesis (137,139,144). A decrease in the density of PV interneurons in adulthood 

could therefore decrease the efficacy of lateral inhibition, decrease network synchrony, 

and decrease neurogenesis while an increase in the density of PV interneurons could 

lead to too much lateral inhibition, over-inhibition of basal network repression, and a 

loss of cell survival. Regarding neurogenesis, contacts from PV interneurons on adult 

born granule cells (abGCs) in the DG are thought to be necessary for cell survival. It 

would therefore be interesting to investigate the correlation between changes in PV 

interneuron density and neurogenesis (144). Further, it is possible that the greater or 

lesser density of cells have altered amounts of synaptic connections in order to 

overcome an abundance or loss of inhibition so electrophysiological and ultrastructural 

studies would further elucidate the consequences of the changes in PV interneuron 

density seen in prenatal THC, ethanol, and combined exposure. 

3.6 Conclusions 

This study assessed the effects of prenatal alcohol, THC, and their combination on the 

number of PV cells in the rat hippocampus. While no sex differences were found, 

differences in the dorsal and ventral dentate gyrus, and the dorsal and ventral CA1 were 

observed. These dorsal-ventral differences should be considered in future work, as they 

reflect differences between neocortical versus amygdalar inputs. Significant effects were 
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found in the dorsal and ventral CA1, as well as the ventral DG. In the dorsal CA1, there 

was an increase in the number of PV interneurons in both the EtOH and EtOH + THC 

groups, and no change in the THC group. In the ventral CA1, there was a decrease in the 

number of PV interneurons in the THC group, an increase in the EtOH group, and no 

change from air-exposed in the EtOH + THC group. In the ventral dentate gyrus there 

was a decrease in the number of PV interneurons in the THC exposed group but not in 

either of the other two groups. More work is required to better understand the 

underlying mechanisms of the current results, and further work should address other 

interneuron types in the hippocampus. 
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CHAPTER 4 

Prenatal ethanol and cannabis exposure have sex and region-

specific effects in somatostatin and neuropeptide Y interneurons 

in the rat hippocampus. 

 

4.1 Abstract 

Cannabis is becoming increasingly legalized and socially accepted around the world. 

Accompanying this is an increase of in utero cannabis exposure. In addition, given that 

many people who consume cannabis also tend to drink at the same time, a subset of 

individuals exposed to cannabis during gestation are also exposed to alcohol. We have 

recently shown that combined exposure to these two teratogens can alter the density of 

interneurons that express parvalbumin in the hippocampus. In this paper we investigate 

the effects of in utero alcohol and cannabis exposure on somatostatin-positive 

interneurons, separate classes of cells that are important for network synchrony and 

basal inhibition in the hippocampus. Here we find that dual alcohol and cannabis 

exposure does not seem to have an additive effect, however, we did find that exposure to 

THC in utero had region-specific and sex-specific effects on the density of somatostatin-

positive interneurons in the adult rat hippocampus. In neuropeptide Y interneurons we 

found a female-specific decrease in cell density in the CA1 with THC exposure that is not 

present with both teratogens; however, we also found impacts of combined exposure in 

the ventral dentate gyrus of females. These results further illustrate how alcohol and 
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cannabis exposure in utero may affect hippocampal function by altering inhibitory 

processes. 

 

4.2 Introduction  

Individuals who use illicit (and licit) drugs can face many health and social challenges. 

These challenges are further compounded during pregnancy when substance use affects 

both the mother and the developing fetus (152). Unfortunately, the social stigma 

surrounding drug use during pregnancy can often prevent individuals from seeking and 

receiving help, further contributing to drug exposure (152). One compound of concern is 

alcohol. Although it is generally recognized that alcohol harms the developing fetal brain 

(153,154), almost 14% of women in Canada report drinking during pregnancy when 

anonymously surveyed, and 10% worldwide (155–160). Children exposed prenatally to 

alcohol may exhibit a range of outcomes referred to as fetal alcohol spectrum disorder 

(FASD), including craniofacial abnormalities, low birth weight, persistent health 

challenges, and cognitive/behavioral problems (161). Impairments in learning and 

memory are among the cognitive effects of prenatal alcohol exposure and are often 

characterized by delayed developmental milestones, difficulty learning from 

consequences, and challenges in spatial memory (162).  

With the legalization of cannabis in many jurisdictions, there has also been a persistent 

increase in simultaneous alcohol and cannabis (A/C) use in young adults between 19 

and 30 years of age, the demographics associated with peak fertility (34,35,38,39,163). 

As alcohol and cannabis are both known to inhibit working and spatial memory in 

adults and since prenatal ethanol exposure causes learning and memory deficits, 
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memory deficits following concurrent prenatal exposure are likely (114,164,165). 

Moreover, since the hippocampus is central to learning and memory, it is pertinent to 

look for cellular and molecular changes in this region (166). Previous work has shown 

that cannabis and alcohol can individually impact the hippocampus (6,128,167–170), 

and that ethanol exposure can impact cannabinoid receptor activity in the hippocampus 

(171–173).  

We have recently published a systematic review that suggested that hippocampal 

interneurons may be a focal point for the actions of both THC and ethanol in the 

developing brain (166). THC, the active component in cannabis, binds to presynaptic 

CB1 receptors, while ethanol acts on post-synaptic GABAA receptors (1,127). A potential 

mechanism for the synergy of these drugs can be speculated based on what is already 

known about their respective mechanisms of action. THC, the active component in 

cannabis, binds predominantly to presynaptic CB1 receptors, whereas ethanol acts on 

postsynaptic GABAA receptors (among its many actions) (1,127). The presynaptic CB1 

receptors are Gi/o coupled receptors and they can also be activated by the endogenous 

cannabinoids anandamide and 2-arachidonoylglycerol (2-AG) (129). The activation of 

CB1 receptors works to inhibit adenylyl cyclase activity, leading to reduced 

neurotransmitter release at the synapse (129). On the other hand, ethanol binds to 

GABAA receptors which are chloride ion channels found post-synaptically (121). In the 

adult brain, the extracellular chloride concentration is usually much higher than the 

intracellular concentration in mature excitatory neurons. Thus, when GABAA receptors 

are activated, negatively charged chloride ions travel into the cell along their 

concentration gradient, hyperpolarizing the cell and reducing its capacity to propagate 

excitatory signals. However, prior to birth, and particularly early in gestation, the KCC2 
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receptor, a potassium-chloride co-transporter, has yet to be upregulated, so the 

intracellular concentration of chloride can be much higher than the extracellular 

concentration(134). Thus, activation of these "inhibitory receptors" can be “excitatory” 

as they depolarise the cell under these conditions. This excitatory phase is essential for 

establishing circuits during normal development; however, exposure to alcohol in the 

prenatal environment can leave these cells subject to the effects of hyperexcitability 

(166). Taken together, we hypothesized that prenatal THC and EtOH exposure would 

affect hippocampal interneuron populations, possibly in a synergistic fashion. 

Somatostatin-positive (SOM) interneurons tend to be found in the hippocampus and 

contribute to the creation of theta and gamma oscillations, which are important for 

cognition and memory (174–176). SOM interneurons are also important in feed-forward 

inhibition and promote neuronal synchrony in the neonatal hippocampus (177). Some 

studies have also shown that SOM interneurons express CB1 receptors; however, more 

research is needed to validate this work (178). Interestingly, SOM interneurons tend to 

be decreased in Alzheimer’s disease (AD) brains (174–176), interfering with their role in 

maintaining hippocampal-prefrontal synchrony and spatial encoding and further 

suggesting a role for SOM interneurons in processes related to cognition and memory 

(179,180). There is evidence that FASD produces structural changes in SOM 

interneurons, but it is not clear if there are also changes in the density of SOM 

interneurons in these studies (181,182). The density of SOM interneurons in the dentate 

gyrus is decreased in adult animals exposed to alcohol (183), so this is a realistic 

possibility.  

Neuropeptide-Y (NPY) is a 36 amino acid polypeptide that is expressed widely in the 

brain, particularly in the hippocampus and hypothalamus (184). NPY-positive 
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interneuron changes have been found in studies of long-term stress, epilepsy, 

Alzheimer’s disease, PTSD, and prenatal ethanol exposure (185–189). In the 

hippocampus, NPY has been implicated in neurogenesis, acting through the Y1 receptor, 

and previous research has found both that NPY peptide levels are increased after a 

learning and memory task and that exogenous application of the NPY peptide can 

increase neurogenesis (190–192). Interestingly, a proposed mechanism for how NPY 

interneurons affect neurogenesis involves a requirement that young adult-born granule 

cells (abGCs) express the Y1 receptor (190). This mirrors studies that show that 

parvalbumin (PV) interneuron and SOM innervation is required for the survival of new 

abGCs (193,194).  The NPY receptor is Gi/o coupled, and while the pathway that 

regulates neurogenesis is thought to proceed through the Y1 receptor subtype, there are 

also receptor subtypes 2-6 — however, 6 is rodent specific and a pseudogene in humans 

(195,196). A subtype of NPY interneuron called the neurogliaform cell contains en 

passant boutons that release GABA into the extracellular space which largely act on 

extrasynaptic GABAB receptors to maintain basal inhibition in the brain (18,197,198). 

Given their impact on neurogenesis and the inhibition/excitation balance, NPY 

interneurons are a good target of study in prenatal cannabis and alcohol exposure.  
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4.3 Methods 

Female Sprague-Dawley rats (n=24) were assigned to receive one of four experimental 

conditions (EtOH or Air) and (THC or Vehicle (VEH; propylene glycol, Sigma-Aldrich; 

see Figure 4.1)). Thus, there were 4 total conditions: EtOH + THC (n=6), EtOH + VEH 

(EtOH; n=6), Air + THC (THC; n=5) and Air + VEH (VEH; n=6). Subjects were bred at 

Figure 4.1 Pregnant rats were exposed to 95% EtOH or Air for 3 consecutive hours at an 

airflow of 10 L/min. Afterwards, all rats were either exposed to THC or propylene glycol vehicle 

at an airflow rats of 2mL/min. Between PD60-70, the adult offspring were deeply anesthetized 

with lethal ketamine (67 mg/mL) and xylazine (6.7 mg/mL) and underwent transcardiac 

perfusion. Brains were collected and post-fixed in 4% paraformaldehyde for 24 hours. Brains 

were sliced at 50 μm for histology. Created with Biorender. 
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the Center for Behavioral Teratology breeding colony at San Diego State University; 

pregnancy was confirmed in all dams by the presence of a seminal plug, which 

designated gestational day (GD) 0. Pregnant rats were exposed to their assigned drug 

condition daily from GD 5 to GD 20 in a vapor inhalation chamber (La Jolla Alcohol 

Research Incorporated, La Jolla, CA). Pregnant rats received 95% EtOH (68 mL/hour; 

Sigma-Aldrich) or Air for three consecutive hours at an airflow of 10 L/min. Then, 

subjects were either exposed to THC (100 mg/mL; NIDA Drug Supply Program) or the 

VEH (propylene glycol; Sigma-Aldrich) at an airflow rate of 2 L/min via an e-cigarette 

tank (SMOK TFV8 X-Baby); THC and VEH were administered in 6-second puffs every 5 

min for a 30-min period (7 puffs total). An additional 10 minutes of airflow were 

delivered before opening the chambers to remove any residual vaporized drug. Dams 

gave birth on GD 22, and litters were pseudo-randomly culled to eight pups on postnatal 

day (PD) 2. This study used one male and one female pup from each dam. All animals 

used in this study were tested in an open field (PD 31-34) prior to being sacrificed for 

histology (data published in Breit et al.2019, amalgamated with other behavior tests); 

there is no evidence to suggest that measuring activity levels in the open field influences 

hippocampal interneurons (199). Maternal data, as well as plasma levels of drugs, are 

reported in (Breit et al., 2019). 

Between PD 60-70, adult offspring were deeply anesthetized with a lethal dose of 

ketamine (67 mg/mL) and xylazine (6.7 mg/mL) dose (0.001 mL/g) prior to perfusing 

the subjects transcardially with cold saline, followed by 4% paraformaldehyde (PFA) in a 

phosphate buffer. Brains were extracted, post-fixed in 4% PFA for 24 hours, and then 

sectioned at 50 µM using a Leica VT1000S vibratome. All immunohistochemistry was 
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performed using a 1 in 6 series of tissue sections. A separate 1-in-6 series from these 

animals were used in a recent study of parvalbumin-positive interneurons (200). 

Tissue samples with DG present were sorted into a new 12-well dish and washed in PBS 

3 times for 5 minutes, followed by a 2-hour pre-incubation in 3% NGS in 0.5 PBST. 

Subsequently, the tissues were incubated for 48 hours in 3% NGS in 0.5 PBST with a 

1:200 dilution of α -somatostatin (GeneTex, GTX71935, and 0.14mg/ml) or 1:1000 α – 

NPY antibody (Abcam ab30914). The brains were left to incubate in a 4° C fridge on a 

“Belly Dancer” shaker. After 48 hours, the brain tissue was washed three times for 5 

minutes in PBS. Following this was a 2-hour 2° C incubation in a 1:500 dilution of 

biotinylated goat α-rabbit (GenTex GTX71935) at room temperature in 3% NGS and 

0.5% PBST. Vectastain ABC Elite avidin-biotin-peroxidase complex (Vector 

Laboratories Burlingame, CA) was used according to the supplied instructions, and 

tissue was incubated in this solution for 10 minutes at room temperature. After the 

incubation, brain tissue was washed three times for 10 minutes in PBS and then 

developed in 3,3'-Diaminobenzidine (Vector Labs, SK-4100).  

Profile counts of SOM and NPY cells were performed at 40x using an Olympus 

brightfield CX21 microscope (Olympus Corporation, Center Valley, PA, USA). Images 

were obtained using an Olympus brightfield BX51TF microscope (MBF Bioscience, 

Williston, VT, USA) using StereoInvestigator software version 11.03 (MBF Bioscience, 

Williston, VT, USA), and FIJI-Image J (Version 1.52p, National Institutes of Health, 

USA) was used for area analysis. 

We used a two-step process to determine cell density. First, each cell count in each slice, 

hemisphere, and region (for example, the left granule cell layer in the DG of one slice) 

was divided by its unique measured area. Next, the cell densities for individual slices 
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were calculated for the dorsal and ventral aspects of the CA1 and DG subfields. We 

classified dorsal and ventral regions using the Matt Gaidica Rat Brain Atlas (146). The 

dorsal region was from bregma -1.88 to -4.16, and the ventral region was from bregma -

4.52 to -6.04. These coordinates were calculated by taking the entire length of the 

hippocampus and using the closest plates from the atlas to divide the hippocampus into 

two (i.e. half).  

All statistics were performed using the general linear model in IBM SPSS statistics 

software, and figures were made using R and BioRender (147,148). A 95% confidence 

interval was used as the statistical threshold in this study, and all post-hoc tests were 

performed using a Tukey test. Males and females were evaluated separately as an 

omnibus ANOVA suggested sex differences. 

4.4 Results 

For SOM interneurons, an omnibus ANOVA showed a significant effect of treatment (p 

= 0.029), location along the dorsal-ventral axis (p = 0.002), brain region (p > 0.001) as 

well as an interaction between treatment and dorsal-ventral location (p > 0.001), dorsal-

ventral location and region (p = 0.001), and treatment by dorsal-ventral location by 

region (p = 0.007). Because there are sex differences in counts before relative brain sizes 

were accounted for as well as interactions with treatment (p = 0.02 and p > 001 

respectively), sexes were kept separate for post-hoc analysis.  



57 
 

 

 

Figure 4.2 10x 
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images of 
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Figure 4.3 Calculated density of somatostatin-positive cells in rats exposed to 

air, THC, EtOH, and EtOH + THC from GD5-20 in the dorsal and ventral CA1. 

Dorsal and ventral results were pooled as no effect of dorsal or ventral location 

was found. Animals assessed at P70. Data collected as profile counts of a DAB 

stained 1 in 6 series of tissue and area measurements of each cell layer. Each 

count was divided by its area. 
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There was a significant increase in the density of SOM interneurons in the ventral CA1 

of male and female animals (p = 0.046 and p < 0.001) in the THC-exposed group 

relative to the control group. However, females in the THC group, were also significantly 

higher than both the ethanol (EtOH) group (p = 0.005) and the combined exposure 

group (p < 0.001) (Figures 4.2 and 4.3). The EtOH group was also significantly 

increased relative to the combined group in the ventral CA1 of females (p = 0.035). In 

the males, a dorsal decrease in the density of SOM interneurons was also observed with 

THC exposure (p = 0.046), however, in the ventral CA1 there was an increase in cell 

density in the THC group relative to control (p = 0.034) We did not observe changes in 

SOM cell density in the dentate gyrus/hilar region (Figures 4.4 and 4.5).  

 

NPY interneurons saw a different trend. The omnibus test revealed a significant effect of 

sex (p < 0.001), treatment (p < 0.001), dorsal-ventral location (p < 0.001), and brain 

region (p < 0.001). There was a significant interaction between sex and treatment (p = 

0.002), treatment and region (p < 0.001), and dorsal-ventral location and region (p < 

0.001). In the CA1, females showed a significant decrease in the density of NPY 

interneurons with THC both dorsally (p = 0.011) and ventrally (p = 0.20) (Figures 4.6 

and 4.7).  
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Figure 4.5 Calculated density of somatostatin-positive cells in rats exposed to air, THC, 

EtOH, and EtOH + THC from GD5-20 in the dentate gyrus. Dorsal and ventral results 

were pooled as no effect of dorsal or ventral location was found. Animals assessed at 

P70. Data collected as profile counts of a DAB stained 1 in 6 series of tissue and area 

measurements of each cell layer. Each count was divided by its area. 
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Figure 4.6 10x 

representative 

images of 

neuropeptide Y 

interneurons in 
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male and 
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Figure 4.7 Calculated density of NPY-positive cells in rats exposed to air, THC, EtOH, 

and EtOH + THC from GD5-20 in the dorsal and ventral CA1. Dorsal and ventral 

results were pooled as no effect of dorsal or ventral location was found. Animals 

assessed at P70. Data collected as profile counts of a DAB stained 1 in 6 series of tissue 

and area measurements of each cell layer. Each count was divided by its area. 
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 In the dorsal region, NPY interneuron density was also decreased in females exposed to 

EtOH only (p = 0.009). Ventrally, the decrease in the THC group was also significantly 

different than the combined exposure group (p = 0.005). In the dorsal CA1 of males, 

there was no significant decrease from control to THC or EtOH, and no significant 

increase between control and combined, but there was a significant increase from both 

the THC and EtOH group relative to the control group (p = 0.010 and p = 0.012 

respectively). This trend was also observed ventrally; there was no significant difference 

between control and THC, but there was a significant increase from both THC (p < 

0.001), and EtOH (p = 0.007) exposure relative to combined exposure. The dentate 

gyrus showed different sex-specific trends (Figures 4.8 and 4.9). 

 

 In the dorsal dentate gyrus of males, the EtOH group was significantly decreased 

compared with all other groups (control (p < 0.001), THC (p = 0.030), and combined 

exposure (p = 0.002)). The only interaction in the ventral dentate gyrus of males was a 

higher density in the combined exposure group relative to the THC group (p = 0.004), 

although there was a trend towards a reduction in density in the THC group compared 

to the control group (p = 0.052). In the dorsal dentate gyrus of females, the density of 

NPY interneurons was decreased in all three drug-exposed groups relative to the control 

(p < 0.001 in all cases).  Ventrally, there was a decrease in density between controls and 

EtOH (p = 0.049) as well as controls and combined exposure compared with controls (p 

< 0.001). 
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Figure 4.8 10x 

representative 

images of 

neuropeptide Y 

interneurons in 

the DG of male 

and female rats 

in each 
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group. 

Figure 4.9 Calculated density of NPY-positive cells in rats exposed to air, THC, EtOH, 

and EtOH + THC from GD5-20 in the dentate gyrus. Dorsal and ventral results were 

pooled as no effect of dorsal or ventral location was found. Animals assessed at P70. 

Data collected as profile counts of a DAB stained 1 in 6 series of tissue and area 

measurements of each cell layer. Each count was divided by its area. 
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4.5 Discussion 

4.5.1 Somatostatin 

Our results suggest that the main effector for changes in SOM interneuron numbers is 

prenatal THC exposure. These changes were restricted to the CA1 region, where we 

found a ventral increase in SOM interneurons in both sexes. A dorsal decrease was also 

observed in males. Other developmental work in interneurons shows that prenatal 

ethanol exposure can cause cell death in the caudal ganglionic eminence (CGE) and the 

medial ganglionic eminence (MGE), the structures from which all interneurons in the 

brain are generated, but it is also known that individuals with FASD often experience 

symptoms that improve over time and given that we examined interneurons in 

adulthood, there may be compensatory changes (18,201). Cannabis is primarily 

perceived to be a more benign drug than alcohol and has even gained some acceptance 

in the general population as being safe to use during pregnancy (115,166). Our work 

challenges the perception that cannabis use during pregnancy is safe, as our results 

indicate that prenatal cannabis exposure may cause changes in interneuron numbers 

that persist into the adult brain. It should be noted that these changes occurred in a 

paradigm that represents moderate consumption. Indeed, equivalent THC consumption 

for a human relative to our model is approximately 10 mg of THC, assuming a linear 

dose-response extrapolated from the work of Grabenauer and Wilson (202), which is at 

the low end of recent estimates of daily cannabis consumption in Canada (203). 

Five main hypotheses could account for the THC-related changes we observed. First, it 

may be that SOM interneurons were not being generated at the developmental time 

points they normally would be, resulting in a reduction in the overall number of 
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interneurons available. Second, GABA signaling could have been enhanced by alcohol 

exposure in the prenatal period, a time period when GABA signalling can be excitatory, 

and this could have selectively reduced interneuron numbers through apoptosis. Third, 

the timing of the “GABA switch” could have been altered by prenatal alcohol exposure, 

changing the developmental trajectory and the incorporation of interneurons into 

developing circuits. Fourth, because CB1 receptors are important for axon guidance, 

activation of CB1 receptors in utero could result in the migration of interneurons being 

off-target, although this is complicated by the finding that even interneurons 

transplanted in utero migrate correctly (20). Finally, if the excitatory inputs to 

interneurons are not present because of changes in CB1 receptor density, this could also 

lead to improper cell migration and development.  

Repeated THC exposure during the prenatal period can cause a downregulation of CB1 

receptors, leading to a loss of inhibition of vesicle release though a Gi/o dependent 

pathway (1,70). While many cells aren’t considered “synaptically active” until the late 

second trimester, which is near the end of our exposure paradigm, circuit establishment 

is known to require GABA input (204,205). This increased GABA input could lead to 

excitotoxicity and cell death of principal cells as well as interneurons, as runaway 

excitation amplifies. Excitotoxicity is also thought to happen with prenatal ethanol 

exposure, and is supported by a co-morbidity of FASD and epilepsy (206). While we 

have revealed a role for THC  in altering SOM interneuron density, it is also clear that 

prenatal ethanol exposure can also produce excitotoxicity (206).  

The GABA switch is a biphasic process that begins when an animal passes through the 

birth canal (134). During this process, KCC2 chloride receptors are upregulated (134). 

Before this upregulation, the intracellular concentration of chloride is so high that when 
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the existing chloride channels open, the ions exit the cell along its concentration 

gradient, causing interneurons to have an excitatory effect in utero (134). However, it 

has long been known that the switch is delayed by chronic blockade of GABAA receptors 

and accelerated by increased GABAA receptor activation (207). Scheyer et al. have 

shown that THC exposure during lactation, after the first part of the GABA switch has 

begun, causes a delay in the duration of the GABA switch (208).   

Canonically, there is strong evidence that CCK interneurons express CB1 receptors 

during adulthood, and some evidence that SOM interneurons do as well, but it is 

thought that all interneurons express CB1 during development for neuronal migration 

(2). While hippocampal excitatory neurons are born in situ, all interneurons are born in 

either the CGE or MGE and must migrate (18). Specifically, SOM interneurons are MGE 

derived (18). Thus, downregulation of CB1 receptors could mean that interneurons 

cannot migrate to the hippocampus successfully. Follow-up studies may be able to 

elucidate this. This could explain the decrease in dorsal versus the increase in ventral 

density in the CA1; the dorsal hippocampus contains stronger neocortical inputs 

whereas the ventral hippocampus contains stronger amygdalar inputs. 

One further hypothesis also involves the CB1 receptor’s involvement in axonal guidance. 

Work by Fishell’s group has shown that cortical SOM interneurons require long-range 

thalamic inputs to mature correctly (209). Perhaps this is also the case in the 

hippocampus, where CA1 SOM interneurons require innervation by Schaffer Collaterals 

to develop appropriately, and the DG requires perforant path inputs to function 

correctly (121). Therefore, if there is a deficit in the axonal guidance of these inputs, the 

development of these cells may be impaired.  

 



66 
 

 

4.5.2 Neuropeptide Y 

In the CA1, the general trend observed suggests that there is a decrease in NPY 

interneurons with either THC or EtOH alone, but this deficit is not seen with combined 

exposure. This is surprising, given the presynaptic-postsynaptic synergy of CB1 and 

GABAA receptors. A possible explanation for this is that while NPY interneurons are 

impacted by prenatal alcohol and cannabis exposure alone, combined exposure causes 

such a deficit that the amount of NPY is upregulated. This would mirror work in 

perinatal sevoflurane research, where both isoflurane and sevoflurane caused a decrease 

in NPY levels, and that exogenous NPY administration could rescue the phenotype. 

Reductions in NPY could impact hippocampal excitability. Thus, it is important to 

determine if there is a relationship between prenatal cannabis exposure and the 

development of epilepsy. There is a paucity of literature in this area, possibly because 

cannabidiol (CBD) has been shown to have antiepileptic effects in adult animals after 

the “GABA switch” has occurred (210).  

There was a difference in trends between male and female animals in the dentate gyrus, 

although in both cases the effect is stronger in the dorsal subregion. In female animals, 

there are lower densities of NPY interneurons in almost every drug-exposed group 

relative to control. An important follow-up study would assess the impact of prenatal 

drug exposure on neurogenesis, and if changes in neurogenesis correlate with a 

decreased NPY innervation. In males there seems to be less of an effect in the combined 

exposure group compared with either drug individually, suggesting once again that in 

males, NPY may be upregulated as a protective mechanism. This sex difference would 

make sense given that in prenatal alcohol research, male animals are often found to 

show larger deficits than female animals; a greater amount of NPY interneurons may be 
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indicative of an attempt by the brain to ameliorate a larger deficit (211,212). 

Examination of NPY interneuron density at earlier developmental periods would help 

determine if this is the case. One possible confounding factor is that there is a difference 

between overall NPY protein levels and the number of cells that can be counted as NPY 

positive. More research is needed to follow up on why these differences in cell densities 

may occur.  

 

4.6 Conclusions 

This study assessed prenatal cannabis and alcohol exposure, as well as a combination of 

the two, to determine how they impacted somatostatin and neuropeptide Y-positive 

interneurons. In somatostatin interneurons, we did not find significant changes in the 

dentate gyrus subfield, but there were specific changes in the CA1 subfield. Only the 

group exposed to THC alone showed reductions in somatostatin-positive neurons in the 

dorsal CA1 subfield. Conversely, this was accompanied by a significant increase in 

somatostatin-positive neurons in the ventral CA1 subfield. In neuropeptide Y 

interneurons, there were sex-specific trends that suggest males may upregulate 

neuropeptide Y in response to combined prenatal ethanol and cannabis exposure. Most 

of the effect in CA1 is THC related. This research aims to discover how prenatal 

teratogen exposure can affect the hippocampal circuits thought to be important for 

learning and memory processes, in the hopes that this and subsequent research will 

both enhance our understanding of learning and memory mechanisms, as well as 

provide insight into new therapies that may help to improve the condition of those 

affected. 
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CHAPTER 5 

Prenatal THC exposure is correlated with changes in microglia 

morphology in the rat hippocampus. 

5.1 Abstract 

This study aimed to investigate the effects of prenatal exposure to THC on microglia 

morphology in the hippocampus of adult rats. The results of a circularity analysis 

showed that prenatal THC exposure did have an effect on morphology, and this was 

compounded with sex and regional effects. A Sholl analysis further supported the 

hypothesis and indicated that the phenotype observed was that of increased ramification 

without the presence of a hyper-ramified-like phenotype. This research shows that 

microglia can be altered long after insult in utero, yet before any obvious damage is 

seen. Regional and sex differences in results point to diverse subpopulations of cells, 

even within the hippocampus.  

5.2 Introduction 

There is evidence that cannabis has anti-inflammatory effects, but what about in utero? 

A 2019 systematic review and meta-analysis found the global rate of cannabis use 

during pregnancy to be about 2%, with two American studies echoing the number 

(115,213,214). This means that cannabis use is as prevalent as alcohol use during 

pregnancy (215). And yet, there are many more studies on fetal alcohol spectrum 

disorder than there are on prenatal cannabis exposure. The studies that have been 
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published in humans to date suggest a correlation with learning difficulties, attention 

deficit hyperactive disorder (ADHD), and other psychiatric disorders (216). 

The most abundant G-protein coupled receptor (GPCR) in the brain is the CB1 receptor, 

which is targeted by THC, the psychoactive component of cannabis (217,218). They have 

been implicated in cell migration, differentiation, and adult neurogenesis (22,219). 

More recently, they have been found to exist in microglia and astrocytes, solidifying 

their role as a mediator of inflammation (220). CB1 signaling has been shown to 

suppress the release of inflammatory cytokines such as TNFα and IL-6 in a mouse 

model of multiple sclerosis (221). 

The CB1 receptor’s endogenous ligands are the fatty acids anandamide and 2- 

arachidonoylglycerol glycerol (222). Their signalling is retrograde across the synapse, 

where endocannabinoids (eCBs) are released post-synaptically and then act on the 

presynaptic neuron. CB1 receptors are Gi/o coupled, and so their activation causes a 

signal cascade that leads to the suppression of neurotransmitter release (222). Knockout 

of the CB1 receptor has been shown to increase the susceptibility of mice to a chronic 

social defeat paradigm, and is correlated with increased glucocorticoid levels, and thus 

are implicated in social stress (223). 

Our previous work suggests that there are long-term cellular changes in interneurons 

with prenatal THC exposure, and the work of others in the field suggests that prenatal 

cannabis exposure decreases the density of CB1 receptors (200,224). These results and 

others suggest that indeed, prenatal cannabis exposure inhibits cell migration, wiring, 

and density. At adolescent time points, microglia perform trogocytosis, pruning the 

brain of unused synapses (225). Thus, if microglia are affected by prenatal cannabis 
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exposure, there could also be changes in synaptic pruning. One study by VanRyzen et al.  

showed that in the basal lateral amygdala, the eCB 2-AG acts as a phagocytic signal in 

adolescence, causing microglia to phagocytose otherwise healthy cells, and shaping the 

development of sex differences in play aggression (27).  

Due to the expansive effects of the eCB system, parsing out the effects of THC exposure 

on the developing brain will require a global effort. Its effects on microglia could be 

direct or indirect. For example, is the CB1 receptor in late gestation, when neurons are 

coming online, causing excitotoxicity with acute activation because the KCC2 receptor 

has not yet been upregulated, and thus GABAergic signaling is excitatory? Are microglia 

affected by an early apoptotic insult? Or, are interneurons not migrating correctly from 

a loss of CB1 receptors from repeated exposure, and is this miswiring causing 

inflammation? Or are the CB1 receptors on the microglia themselves being acted on 

around the time of microglial infiltration to the brain, causing changes in the expression 

of regulatory genes?  

It is now known that microglia form distinct subpopulations in different brain regions 

(226).  One such region is the hippocampus, an area both central to learning and 

memory and affected by acute THC exposure (121). Further, it is a region that contains a 

high density of CB1 receptors. Therefore, we have chosen to examine hippocampal 

microglia in this study. Because adult neurogenesis occurs in the dentate gyrus but not 

the cornu ammonis region of the hippocampus, both the CA1 and DG were assessed. We 

chose to further constrain our study to the molecular layers of each region, where 

microglia are well-spaced for analysis. 
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Microglia research has increased exponentially in the last decade. We are now far from 

the M1 M2 hypothesis of microglial activation, and now recognize the diverse and 

numerous ways that microglia can exist regarding morphology and cytokine profile 

(226). Further, the microglia are now considered to be one third of the tripartite synapse 

(226). They, and astrocytes participate in the endocannabinoid system (227). However, 

just as studies of diverse human populations can tell us a lot about a society, so too can 

population studies of microglial characteristics tell us about the brain. At the most basic 

level, form tends to dictate function and so in the case of prenatal THC exposure, we 

assessed if morphological changes would be observed in adulthood, far after the 

teratogenic insult. Here, we assess microglial circularity and the tree characteristics as 

determined by Sholl analysis on a large scale throughout the rat hippocampus to 

determine the effects of prenatal THC exposure on inflammatory-like morphological 

characteristics. 
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5.3 Materials and Methods 

 

Figure 5.1 Animal generation and image processing methods. A. Rats were either exposed 

to THC or propylene glycol vehicle at an airflow of 2mL/min. Between PD60-70, the adult 

offspring were deeply anesthetized with lethal ketamine (67 mg/mL) and xylazine (6.7 

mg/mL) and underwent transcardiac perfusion. Brains were collected and post-fixed in 4% 

paraformaldehyde for 24 hours. Brains were sliced at 50 μm for histology. B. Image 

preparation steps for circularity analysis C. Overlay of Iba1 cells and the outline generated 

during analysis showing efficacy of the protocol D. Sholl analysis preparation and output. 

Created with Biorender. 

A 

B.i. B.ii. B.iii. B.iv. 

C.i. C.ii. B.iii. B.iv. 

D.i. D.ii

. 

D.iii
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D.iv. 
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5.3.1 Animal Generation 

Female Sprague-Dawley rats (n=24) were assigned to receive 1 of 2 experimental 

conditions THC or vehicle (VEH; propylene glycol, Sigma-Aldrich; see Figure 5.1). 

Pregnancy was confirmed in all dams by the presence of a seminal plug, and this was 

designated as gestational day (GD) 0. Pregnant rats were exposed to their assigned drug 

exposure condition once daily from GD 5 to GD 20 in a vapor inhalation chamber (La 

Jolla Alcohol Research Incorporated, La Jolla, CA). Subjects were either exposed to THC 

(100 mg/mL; NIDA Drug Supply Program) or the VEH (propylene glycol; Sigma-

Aldrich) at an airflow rate of 2 L/min; THC and VEH were administered in single 6-

second puffs every 5 min for a 30-min period (7 puffs total). An additional 10 minutes of 

airflow was administered before opening the chambers to remove any residual 

vaporized drug. Dams gave birth on GD 22, and litters were culled on postnatal day (PD) 

2. One male and one female pup from each dam were used in this study (Figure 5.1). All 

animals used in this study had previously been tested in an open field (PD 31-34); 

measuring activity levels in the open field is not expected to be a confound (Breit et al., 

2019). 

5.3.2 Tissue Preparation 

Between PD 60-70, the adult offspring were deeply anesthetized with a lethal ketamine 

(67 mg/mL) and xylazine (6.7 mg/mL) dose (0.001 mL/g) and transcardially perfused 

with cold saline followed by 4% paraformaldehyde (PFA) in a phosphate buffer. Brains 

were extracted and post-fixed in 4% PFA for 24 hours. Brains were sectioned using a 

Leica vibratome into 50 µM slices. Immunohistochemistry was performed using a 1 in 6 

series of tissue. A 3-minute incubation in 1% sodium borohydride in PBS was used for 
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antigen retrieval. Wako rabbit anti-Iba1 antibody (#019-1947) was used at 1:1000 in 3% 

normal goat serum (NGS) and 0.5 % Triton X-100 in PBS (0.5% PBST) for 48 hours at 4 

°C with shaking. Biotinylated goat anti-rabbit secondary antibody (ThermoFisher # 

31804) was used at 1:500 in 3% NGS and 0.5% PBST for 2 hours at room temperature 

with shaking. Amplification was performed with Vectastain ABC Elite avidin-biotin 

peroxidase complex and 3,3'-Diaminobenzidine was used to visualize the labeled cells 

(Vector laboratories Burlingame, CA).  ABC and DAB were prepared as per supplier 

instructions. 

5.3.3 Microscopy and Analysis 

Images for area analysis were taken using an Olympus brightfield BX51TF microscope 

(MBF Bioscience, Williston, VT, USA) and StereoInvestigator software version 11.03 

(MBF Bioscience, Williston, VT, USA). Analysis was performed using FIJI-Image J 

(Version 1.52p, National Institutes of Health, USA). To allow a large number of Iba1+ 

cells to be analyzed, stitched image stacks at 100x were taken spanning the entire 

suprapyramidal blade of the Stratum Granulare of the dentate gyrus subfield and the 

entire Stratum Radiatum of the CA1 subfield. A 0.5 μm step size was used to acquire the 

stack images. Although the brains were sliced at 50 μm, post-mounting tissue shrinkage 

caused the slices to be approximately 20 μm on average. Due to the large number of 

images stitched together by the software, small variations in Focus Adjustment (a step 

in the Slide Scanning Workflow in StereoInvestigator) could cause large variations in 

focus across the entire. The Focus Adjustment step is necessary to extrapolate 

micrometer slopes across the slide as mounted in the tray, or account for any 

irregularities in slice thickness. For this reason, a stack of 20 images was taken for each 
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image, and the final analysis included 15. This means that we included approximately 20 

μm of brain tissue after accounting for tissue shrinkage. A limitation of this selection is 

that some microglia may have had processes that stretched out of the acquired area, 

however, any out-of-focus images bias the macro towards measuring increased 

circularity and we believe that this choice maximized the robustness of our 

measurements.  

The final dataset is comprised of over 650 gigabytes of compressed .jpx image files. 

These files were moved to an analysis computer using an external hard drive and one 

brain was uncompressed at a time using Microfile+  

(https://www.mbfbioscience.com/products/microfileplus). Uncompressed images were 

between ~10 and 40 gigabytes each. Images were analyzed using our FIJI macro that 

loaded the images in greyscale, selected the correct channel, selected the correct slices, 

enhanced the contrast such that 1% of the pixels were saturated, ran a 2% threshold 

using the Default settings with the output background set to black, Z-projected using 

“Maximum Intensity”, inverted the LUT, ran the “Open” command, then ran the 

“Analyze Particles” command with “Area” and “Shape Descriptors” set and gaited to 

collect particles with an area of 10 to 500 μm2.  The output of the macro was a .jpeg of 

the outlines acquired by the macro, and an Excel file with the same name as the image 

file. Due to the image size, the macro was not batched. The scale was set manually by the 

researcher on opening FIJI. All outlines are labeled with a number corresponding to the 

results spreadsheet. We determined that the smallest particle likely to be a cell had an 

area of 30 μm2 and the largest had an area of 500 μm2. Larger than this and the outline 

generally depicted two or more cells. Figure 5.1 shows the overlay of some greyscale 
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images with the resulting outlines. The benefit of using this method of analysis was that 

50-400 cells were able to be analyzed per image, so that the sample size would be able to 

overcome any error incurred in the analysis. The images were opened with channels due 

to the use of BioFormats Importer (228), a FIJI plug-in necessary to load images of this 

size. The macro was developed and tested relative to all three resulting channels, the 

second of which was deemed to work the best. The threshold output was set to black and 

then inverted later because the “Maximum Projection” step works the most accurately 

with light cells on a dark background.  

To investigate whether circularity changes were due to longer microglial processes or 

bushier ones, a Sholl analysis was performed. For this analysis, the same decompressed 

images were run through a preparation macro. Briefly, this macro selected channel 2, 

removed the first 6 images in a stack, enhanced the image contrast such that 1% of all 

pixels were saturated (and experimentally determined value), then the image was 

thresholded to 2% of the histogram value, and then saved to the original folder as an 

image stack with “Binary3D” added to the name. For Sholl analysis, these binary image 

stacks were opened and the polygon select tool was used to select a complete appearing 

cell. This image was then cropped to increase the speed of the subsequent processing 

steps. The Skeletonize (2D/3D) FIJI plugin was used to create a skeleton of a given cell. 

A projection was then created using the “Max Intensity” method. A second polygon was 

then traced around this projection and added to the ROI manager. The Sholl plug-in was 

then used on default settings to analyze the image. The output was two Excel sheets of 

measurements and a plot of a linear fit model of N versus distance. Five cells per image 

were selected at random and analyzed by researchers blinded to the condition. Analysis 
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sessions always consisted of all five cells in an image getting analyzed to prevent cells 

from being selected more than once.  

An omnibus ANOVA was run in SPSS to see if there were any significant effects of sex or 

dorsal/ventral location, and a Students 2-tailed t-test was run on the final groups. 

Figures were made in R Studio and Biorender.  

5.4 Results 

5.4.1 Circularity Analysis 

Data is presented as both a heat map (Figures 5.2-5.3) and a bar graph (Figures 5.2-5.3). 

Heatmaps are presented to help illustrate the distribution of the 19,454 cell circularities 

analyzed. A white dotted line indicates the median in each heat map, to show if there is 

any shift in group means.  

The omnibus ANOVA showed a significant effect of layer (p < 0.001), sex (p = 0.007), 

dorsal or ventral location (p = 0.005), and exposure group (p <0.001). A two-way 

interaction between sex and exposure group was also found (p = 0.001) as well as a 

three-way interaction between dorsal/ventral location, layer, and exposure group (p 

<0.001). Due to these effects and interactions, student’s two-tailed t-tests were 

performed in the two exposure groups separated by layer, dorsal/ventral location, and 

sex. Levene’s test was used to assess if the variances were equal between groups. If the 

variances were not equal, an adjusted p-value was used. The largest change in p-value 

between the adjusted and non-adjusted tests was 0.006, and in no case did it change 

whether the null hypothesis was rejected.  
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In the stratum moleculare no changes in circularity were observed in either males or 

females in the ventral hippocampus. In the dorsal hippocampus, there was a decrease in 

circularity in both the females (p < 0.001, Cohen’s D = 0.246, lower = 0.157, upper = 

0.335) and males (p = 0.04, Cohen’s D = 0.095, lower = 0.007, upper = 0.182) (Figures 

5.2, 5.4). This indicates that there is a correlation between an increase in ramified and 

decreases in amoeboid morphology in female rats and males prenatally exposed to THC 

but the effect size is small.  

Figure 5.2 Iba1 circularity in the stratum moleculare. On the left each row of the heatmap represents 

one animal. Each of the circularity measurements were bucketed from 1 – 100 so that the frequency of 

the dataset could be visualized. X axis cut off at 40 as nearly all measurements fall below that line. 

Dotted white line represents the mean for the group with all measurements from all animals averaged. 

This same mean is represented in the bar graphs on the right for easy interpretation.  
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In the stratum radiatum, there is a significant decrease in circularity in the dorsal 

hippocampus in female animals only (p = 0.001, Cohen’s D = 0.122, lower = 0.048, 

upper = 0.196), with a small effect size. In the ventral stratum radiatum, there is a 

significant decrease in circularity in both the male (p < 0.001, Cohen’s D = 0.157, lower 

= 0.081, upper = 0.233) and female (p < 0.001, Cohen’s D = 0.142, lower = 0.066, upper 

= 0.218) groups (Figures 5.3, 5.5). In both cases, the effect size is small.     

 

 

 

Figure 5.3 Iba1 circularity in the stratum radiatum. On the left each row of the heatmap represents one 

animal. Each of the circularity measurements were bucketed from 1 – 100 so that the frequency of the 

dataset could be visualized. X axis cut off at 40 as nearly all measurements fall below that line. Dotted 

white line represents the mean for the group with all measurements from all animals averaged. This 

same mean is represented in the bar graphs on the right for easy interpretation.  
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5.4.2 Sholl Analysis 

Figure 5.4 Iba1 Sholl analysis. A. Representative length versus distance output for a singe cell showing 

a normal distribution B. Representative visual output of Sholl analysis plugin C. Smoothed conditional 

means plot over raw datapoints. D. Mean distance point crossing away from the soma averaged by 

animal (sexes pooled).   
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The sholl analysis showed that THC-exposed animals had on average, more branching 

further away from the soma (p>0.001) (Figure 5.4 c). Because the output variables, 

frequency and distance from the soma, are both scalar variables, with distance as a 

covariate of frequency, and because these two scales are informed by dorsal-ventral 

location, hippocampal region, sex, and condition, a Poisson regression was performed. 

This regression showed a significant effect of treatment, region, and dorsal-ventral 

location on the scalar variables (all p>0.001). The output of the combined raw data 

contained ~170,000 observations, creating concern regarding spurious correlations. 

And so, a second analysis was performed (Figure 5.4 d). Briefly, 300 buckets, each 

representing 1 μm were created per region per layer per animal. Each of those buckets 

was used first to gather the data into a computable size. After, the sum of observations 

falling within one bucket was divided by the sum of all observations in that bucket and 

then multiplied by 100, to yield a percent of line crosses at a given distance relative to 

the whole, per animal. An index was then created by multiplying the frequency of one 

bucket by its percentage. These normalized values were then averaged and plotted in 5.4 

d. A univariate general linear model ANOVA was then used to assess if the effect 

remained, even when measurements were condensed to individual animals. It was 

found that the effect of treatment was retained (p = 0.014) as was the effect of region (p 

= 0.014). However, the effect of the dorsal-ventral location was not seen.  

5.5 Discussion 

The present study aimed to investigate the effects of prenatal THC exposure on 

microglial morphology in the hippocampus of adult rats. The results of the circularity 

analysis showed significant effects of treatment, sex, region, and dorsal-ventral location, 
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while the Sholl analysis data showed significant effects of treatment, region, and had 

some evidence of differences between the dorsal and ventral hippocampus. The 

disagreement in these results could be due to cell morphology changes that the analyses 

were differentially sensitive to. A follow-up study should be conducted to assess if there 

are differences in more specific morphologies, such as rod-shaped microglia.  

This study identified morphological differences in microglia with prenatal THC 

exposure. Interestingly, many microglial studies assay morphologic and functional 

changes either around the time of acute injury, or during neurodegeneration (229,230). 

Literature assessing the hyper-ramified phenotype often does not assess past 30 days 

following the stressor, likely due to cell turnover (231). This research highlights that 

microglia may be dysregulated far before any age-related phenotype is observed, and 

recasts microglia as not just passive cells that clear debris, but drivers of neuronal 

functionality. As for diversity, the three-way interaction observed in the circularity 

analysis between dorsal-ventral location, treatment, and layer, supports the findings 

that discrete subpopulations of microglia support different brain regions. Even with the 

most conservative statistical analysis, we have shown that microglia react to prenatal 

THC exposure in a region dependent manner. And even without the Sholl’s support for 

sex differences, regional differences in microglia inevitably feed into sex differences in 

between brain regions. For example, in fetal alcohol spectrum disorder research, there is 

a clear sex difference in deficit between the more dorsal, neocortical-connected 

hippocampus with the ventral, amygdalar-connected hippocampus (232).  

One hypothesis for why these morphological differences is seen in prenatal THC 

exposure is that there may also be a dysregulation in the endogenous cannabinoid 2-AG. 
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Since it has been shown that prenatal cannabinoid exposure decreases CB1 receptors, it 

is possible that endocannabinoid production is upregulated to compensate for this (75). 

And since it has been shown that endocannabinoids also signal microglia, a lasting 

change in eCB levels could lead to the lasting change in microglial morphology.  

The changes in microglia morphology seen here suggest that these cells have a more 

surveiling-like phenotype. The Sholl analysis was necessary to parse out this phenotype 

from a hyper-ramified phenotype.  Hyper-ramified microglia have a decreased 

circularity, as they retract their processes on the way to becoming amoeboid (226). And 

while this morphology is considered to be transient, and therefore unlikely to be 

observed in adult animals with a prenatal exposure, it was necessary to exclude. The 

Sholl analysis demonstrates that the microglia are not just less round, but also that their 

processes are longer, and branch farther from the soma. If 2-AG levels are indeed 

increased, then this hyper-extended phenotype may be a symptom a of long-term low-

grade presence of aberrant signalling molecules. In other words, the microglia are 

stretched along a gradient, looking for the source of phagocytic signal but never 

reaching the phagocytic threshold.   

5.6 Conclusions 

The results of this study provide evidence of morphological changes in microglia 

associated with prenatal exposure to THC. The circularity analysis revealed significant 

effects of treatment, sex, region, and dorsal-ventral location. The Sholl analysis further 

supported the finding that prenatal THC exposure affects microglial morphology, 

although the same regional differences were not observed. The discrepancy in these 

results may be due to the differential sensitivities of these tests, and more detailed 
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follow up studies should be conducted to this end. This research highlights that 

microglia can be altered far after an insult, and before any obvious cognitive or 

neurodegenerative changes have occurred. Three-way interactions between microglia 

and location suggest there are distinct subpopulations of cells within the hippocampus. 

The morphological differences seen warrant a follow up study of microglia density, or 

could be due to 2-AG signalling alterations. Overall, this study provides insight into the 

effect of prenatal THC exposure in the hippocampus.   
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CHAPTER 6 

Hippocampal synaptic plasticity and synaptic marker deficits in 

a rat model of prenatal THC exposure 

 

6.1 Abstract 

This study investigated the effects of prenatal THC exposure on synaptic plasticity and 

synaptic receptor co-localization in a rat exposure model. Dams did not show 

behavioural differences when assessed in an open field, nor was their grooming or 

rearing altered.  Male but not female offspring showed earlier eye opening in THC 

compared with control animals. A classic 900 pulse at 1 Hz paradigm did not show sex 

differences when assessed in cage controls, however a second paradigm, 6000 pulses at 

10 Hz showed sex differences in the amount of LTD, as well as how they respond to 

MPEP and AM251. In prenatally exposed animals, there were no changes observed in 

paired-pulse ratio or input-output curves, however there was an increase in the number 

of dendritic spines in both males and females pre-stimulus. However, females showed 

differences in three spine morphologies while males showed differences only in stubby 

spines. As THC is thought to alter CB1 receptors, and because some LTD was shown to 

be CB1 dependent, a study of CB1 receptor co-localization with the inhibitory marker 

gephyrin was performed. This study showed significant increases in the dorsal 

hippocampus of both male and female animals. Male animals also had smaller clusters 

of CB1 receptors with drug exposure. These findings suggest that prenatal THC exposure 

leads to dysregulation of the endocannabinoid system in the rat hippocampus by 
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altering CB1 receptor levels, and this in turn correlates with an increase in dendritic 

spines and a deficiency of hippocampal LTD.  

6.2 Introduction 

Cannabis is among one of the most prevalent drugs used around the world, especially by 

those of reproductive age (233). Yet there are few studies that assess how cannabis 

affects the developing brain. With legalization of cannabis for recreational use in North 

America, it is further important that the unintended effects of this drug be studied. The 

combination of legalization and lack of research into harms of cannabis use in 

pregnancy may support the assumption that some have that cannabis is natural and 

therefore safe. This may cause some people to see it as a suitable treatment for morning 

sickness, since it is approved for nausea treatment in cancer care (234). And while it is 

true that fatal overdoses from cannabis use have never been reported, human studies 

are emerging which show that in utero exposure to THC, the psychoactive component of 

cannabis, is correlated with negative psychiatric outcomes and premature birth (235–

237). Approximately 2% of pregnant people report using cannabis, a number that is 

comparable to alcohol (213). It is also important t0 note that the THC content in 

cannabis products has increased fourfold between 1995 and 2019 (238).  

THC acts on four main receptors in the brain. They are the cannabinoid type 1 (CB1) 

receptor, the cannabinoid type 2 (CB2) receptor, and the orphan g protein receptor 

GPR55, and the newly discovered GPR18 (239). Until recently, it was thought that the 

CB1 receptor was the isoform found in the central nervous system, and the CB2 receptor 

was the isoform found in the peripheral nervous system (240). It is now known that the 

CB2 receptor is very much also in the brain, with studies suggesting that it is implicated 
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in neuroinflammation (241). THC is not the only cannabinoid in cannabis, cannabidiol 

(CBD) has been shown to both act as an inverse partial agonist, and more recently to 

potentiate the effects of THC under some conditions. Cannabis also contains numerous 

phytocannabinoids and terpenes which may alter the effects of THC (242). For the 

purpose of this study, we used purified THC, to minimize as any possible confounds. 

The endocannabinoid system is a retrograde signalling system, meaning that eCBs 

produced post-synaptically travel backwards across the synapse and act pre-synaptically 

(243). In this way the eCB system allows post-synaptic cells to modulate incoming 

signals. The majority of CB1 receptors are found on inhibitory, or GABAergic 

interneurons, although some are found on glutamatergic cells as well as microglia and 

astrocytes (222,244). Astrocytes can detect spillover of calcium from a synapse, and 

activate MAGL or DAGL, depending upon the context (245). Because the CB1 (and CB2) 

receptor is Gi/o coupled, activation of the CB1 receptor causes a signal cascade that 

decreases intracellular cyclic AMP (cAMP) levels and prevents neurotransmitter release 

at the synapse (222). In the case of interneurons, this means that GABA is not released, 

and so acute activation of the CB1 receptor increases excitability of principle neurons, 

and in the case of glutamatergic – glutamatergic CB1 signalling, receptor activation 

leads to a decrease of excitability. This ability to modulate synaptic strength is an 

important feature of synaptic plasticity.  

The area of the brain earliest known for long-term synaptic plasticity is the 

hippocampus (246). The hippocampus is a brain region central to learning and memory 

(247). Because the hippocampus is a unidirectional circuit, a stimulating electrode can 

be placed in one location and monosynaptic connections can be assayed with a 
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recording electrode (121). Recent studies have shown that long-term depression (LTD), 

has an endocannabinoid component (6). Typical induction protocols for LTD are around 

1 Hz, with 900 pulses at 1 Hz being common in the literature (248). However, recent r-

TMS studies have shown that a 10Hz frequency can induce plasticity (249). Parallel to 

this, our lab has recently shown that an induction protocol of 6000 pulses at 10 Hz 

induces an isoform of LTD that is endocannabinoid dependent (6). More specifically, in 

LTD the firing causes an amount of calcium into the cell such that phosphatases rather 

than kinases are activated, leading to endocytosis of AMPA receptors, or on a larger 

scale, the pruning of the synapse altogether (250). However, LTD can also occur across a 

broader population of synapses (251). The protocol that studies this second type of LTD 

is relatively novel, with this the first study that we are aware of that uses adult female 

animals.  

Since adult cannabis exposure affects learning and memory, a process that the 

hippocampus is central to, here we study synaptic plasticity in the hippocampus of rats 

prenatally exposed to THC.   

Two types of LTD were assayed, as well as the proportion of excitatory and inhibitory 

synaptic markers that co-localized with cannabinoid receptors, in order to study how 

synaptic plasticity and the balance of excitation to inhibition are altered in prenatal THC 

exposure. We assayed the changes in receptor co-localization between gephyrin and 

CB1, as well as Psd95 and CB1. Gephyrin is a marker of inhibitory synapses while pSD95 

is a marker of excitatory synapses, and so assaying the relative ratio can elucidate some 

of the mechanisms of prenatal cannabis exposure. Lastly, we assayed dendritic spine 

density and morphology.  
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6.3 Methods 

Litters of vehicle and THC treated animals were generated at the University of Victoria. 

Animals used to study the characteristics of the two LTD types were purchased from 

Charles River. All protocols adhered to CCAC guidelines. All animals were housed on a 

12/12 light dark cycle in a temperature and humidity-controlled room. Animals were 

housed in cages of 2 or 3, and had access to food and water ad libitum, and were also 

provided with a red plastic hut. For prenatal exposure, pregnancy of nulliparous dams 

was confirmed with a plug check, and this day was designated as gestational day (GD) 0. 

From GD 5-20, dams were exposed to 100 mg/mL THC vapor or a 70/30 vegetable 

glycerol/propylene glycol vehicle control, with an additional 10% of polyethylene glycol 

400 (PEG400) for solubility. THC was never used more than 48 hours after preparation 

from solid THC resin. Dams were placed in the vape chamber for 35 minutes per day, 

with the last 5 running only air. The vape chamber was designed and built by La Jolla 

Alcohol Research, and the model used was the Victoria model. This model allowed dams 

to be placed into individual boxes, each supplied with their own vape cartridge and air 

flow monitor. THC was vapourised in a baby beast brother 2 cartridge, with 5 second 

bursts given every 3 minutes. On GD 15, dams were placed in an open field for 5 

minutes, 15 minutes after the end of the vape session. A 16 square grid was drawn on the 

bottom of the field. Researchers assessed the total number of seconds the animals spent 

grooming as well as the number of times the animal groomed itself, the total number of 

seconds the animals reared, as well as the number of times the animals reared, the total 

time the animals climbed the walls as well as the number of times the animals climbed 

the walls, the total time spent in the centre 4 boxes as well as the number of times the 
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animals crossed into the centre of the area, and the total number of times the animals 

crossed the gridlines in the arena.  

Pups were assessed visually for eye opening, and then left to age up for experimentation. 

Pups were separated into groups destined for histology and electrophysiology. Between 

post-natal day (PND) 28 and 30, all electrophysiology animals were put through a novel 

location recognition task as described previously. Briefly, animals were allowed to 

habituate to a behaviour area for 5 minutes on day 1, on day 2 the habituation was 

repeated, and then one hour later the animals were introduced to two identical objects. 

One day later the animals were re-introduced to the behaviour arena with the same two 

Figure 6.1: Pregnant rats were exposed to 100 mg/mL THC or propylene glycol vehicle at 

an airflow rate of 2mL/min. Endogenous characterization animals received no drug and no 

vehicle. Between PD 60-90, the adult offspring were deeply anesthetized with isoflurane and 

underwent rapid decapitation. Brains were sliced at 400 μm for electrophysiology and then 

at 200 μm for DiI analysis. Created with Biorender. 
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objects, however one object had been moved. The interaction with the object in the 

novel location versus familiar location is the outcome measure.  

Between PND 60-90, electrophysiology experiments were performed (Figure 6.1). The 

protocol is modified from Fontiane et al., with the addition of ascorbic acid and pyruvate 

to the artificial cerebrospinal fluid (aCSF) composed of (in mM) 125 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 25 NaHCO3, 2 CaCl2, 1.3 MgCl2, and 1.4 dextrose bubbled continuously with 

carbogen (95% O2/5% CO2; 295–305 mOsm; pH 7.2). Animals were deeply 

anesthetized with isoflurane before being rapidly decapitated and having their brains 

extracted into ice-cold aCSF bubbling with carbogen. Brians were sliced at 400 μm on 

the compresstome before being allowed to recover at 32 °C for one hour. For the DiI 

study, dorsal slices were collected at 200 μm and immediately fixed in 1% PFA for 1 hour 

at room temperature. DiI crystals were then placed under a dissecting microscope with a 

dissection needle then allowed to incubate for 24 hours in the fridge then another 24 

hours on slide after being mounted (252). For the ephys experiments, after one-hour 

slices were allowed to equilibrate to room temperature. After equilibration, slices were 

placed in recording chambers suspended under microscopes (Olympus, BX50WI, 

Olympus, Center Valley, PA, USA). Glass recording electrodes 1-4 mΩ and bipolar 

stimulating electrodes were placed in the medial perforant path (MPP) of the dentate 

gyrus for recording.  Square wave pulses at 5 seconds apart (0.12 ms) were used to find a 

signal before a 15 second pulse interval was used for recording baseline. For recording 

an Axon Multiclamp 700 B amplifier, digitized by an Axon Digidata 1550, and recorded 

using Clampex 10.5 software (Molecular Devices, San Jose, CA, USA) was used. Once 

signals were acquired, the stimulating voltage was increased stepwise until the signal no 
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longer increased in size. This signal had to be at least 0.7 mV to be included in the 

dataset. After the maximum signal was found, the voltage was decreased until 70% of 

maximum amplitude was reached. At least 5 minutes of stable baseline occurred before 

the paired pulse and input/output curve were generated. Preconditioning recordings 

were run after this test to ensure that the act of conducting these tests would not 

interfere with the induction of LTD. In the case of a drug study, 5 mines of stable 

preconditioning were acquired after paired pulse and input/output testing, then stability 

had to be maintained for a total of 20 minutes before the induction protocol. In the 

prenatal study, no drugs were used and a minimum of 20 minutes of stable pre-

conditioning were recorded before stimulus.  One of two stimuli, either 900 pulses at 1 

Hz or 6000 pulses at 10 Hz were applied. One hour of post-conditioning were recorded. 

For the prenatal study, slices were either categorized into a success (LTD was induced) 

or a failure. Slices with LTD were used in an analysis of the magnitude while all other 

slices were included in failure testing. In all LTD experiments, there had to be a fibre 

volley visible at the end of the 60 minutes, in order to differentiate between depressed 

and dead slices. All slices had to have a baseline fEPSP slope of less than 0.5, and the 

post conditioning response had to have a slope of less than 1.5 in the last 10 minutes.  

On PND 70, histology animals were euthanized by perfusion. Animals were deeply 

anesthetized with isoflurane then perfused with first ice-cold heparinized PBS then with 

4% paraformaldehyde (PFA) in PBS. Brains were extracted and allowed to post fix in 

PFA for 24 hours. After fixation, brains were placed in 30% sucrose until they sank (~3 

days) before being stored in PBS with 1% sodium azide. Brains were sliced at 50 μm on a 

Leica 1200VT vibratome (Leica) and collected in 12 well plates. A triple label of CB1, 
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gephyrin, and PSD95 was performed as follows; tissue was blocked in PBS containing 

0.5% Triton X-100 (0.5 PBST) containing 3% normal goat serum (NGS) and 3% normal 

donkey serum (NGS).  Following blocking, slices were incubated in antibody (AbCam α- 

PSD95 ab18258, SYSY α-gephyrin 147 111, and Nittobo α-CB1 AB 2571593) at 4 °C for 

48 hours with shaking in blocking buffer. The slices were then washed in PBS before 

incubation in the dark with secondary antibody for 2 hours at room temperature with 

shaking. Slices were then washed before incubating in 1:20,000 Hoechst in PBS for 20 

minutes and mounted with FluromountG. Images were taken with an oil immersion 60x 

confocal microscope (Olympus BX61WI) where saturated pixels were used to determine 

the laser power. All images for one slice were acquired in a single imaging session. 

Images were analysed in FIJI imageJ using one of 6 macros. Macros were recorded by 

the researcher but the expansion of macro functionality was done with the help of 

ChatGPT (253). Macro 1 co-localized gephyrin and CB1 puncta, macro 2 co-localized 

PSD95 and CB1 puncta, macro 3 analysed CB1 puncta alone, macro 4 analysed large 

gephyrin puncta, macro 5 analysed small gephyrin puncta, and macro 6 assessed if there 

were any holes or blood vessels in the images so that an area adjustment could be 

performed. DiI analysis was performed by a researcher blind to conditions. Images were 

loaded into Neurolucida 360 where the spine analysis module was used in semi-guided 

mode to trace dendrites then detect and classify synapses. Researchers used standard 

settings then increased the limits of detection of spines until all spines were captured. 

From there 3D meshes were exported to Neurolucida Explorer where the spines were 

analysed and an excel file of characteristics created. All spines assessed were on second 

order branches or farther away from the cell soma. A 30-70 μm segment was used for 

each observation. Three to five dendritic segments from at least 3 cells were analysed 
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per slice.  One to two slices per animals were used. A Hoechst counterstain was used to 

make sure that cells selected were in the molecular layer of the dentate gyrus. Any 

dendritic segments showing varicosities or which were not spiny were excluded.  

All statistics were run in SPSS software and graphs were made in Microsoft Excel and R 

Studio.  

6.4 Results 

6.4.1 Dam behaviour is not affected by THC exposure paradigm 

Dam behaviour was not affected by THC exposure in the behaviour paradigms tested 

(Figure 6.1). There was no significant effect in the number of times the animals 

groomed themselves or total time grooming (Figure 6.2 a, f, k). Similarly, there was no 

significant effect in the number of times the animals climbed the wall or the total 

Figure 6.2 

Dams 

exposed to 

THC showed 

no 

behavioural 

deficits of 

locomotion or 

open field 

behaviours. 

a, f, k 

grooming; b, 

g, l, rearing; 

c, h, m, wall 

climbing; d, I, 

n, anxiety-like 

behaviour; e, 

j locomotion. 

Created with 

Biorender. 
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number of seconds the animals spent climbing the wall (Figure 6.2 c, h, m). There was 

no significant difference between THC and vehicle animals in the amount of time the 

animal spent in the centre of the arena or the number of times the animals crossed into 

the centre (Figure 6.2 d, i, n). There was no change in locomotion as measured by total 

line crosses (Figure 6.2 e, j). There was a trend towards significance in the total number 

of times the animals reared away from the wall (p = 0.05108, independent samples t-

test, Figure 6.2 b,g ), but no significance in the total number of seconds spent rearing 

away from the wall (Figure 6..2 l). Of note, there was an n of 5 animals per group, so the 

power of the experiment was low.      

6.4.2 THC exposed pups had earlier eye opening but no changes 

in memory behaviour 

Figure 6.3 

Male animals 

exposed to 

THC in utero 

opened their 

eyes earlier 

than cage 

control 

animals. 

Created with 

Biorender. 
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a
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The dates of pup eye opening were significantly earlier in THC exposed males compared 

with cage control males (Levene’s adjusted p = 0.004, t independent samples t-test, 

Figure 6.3). There was no significant change between female animals exposed prenatally 

to THC relative to cage controls. Of the four THC exposed litters used in this study, 

three of them were born on GD21, with the last being born on GD 22. During 

adolescence 

there was no 

change in the 

amount of time 

spent 

investigating 

an object in a 

novel location 

relative to a 

familiar 

condition in 

either male or 

female animals 

(Figure 6.4). 

For this study 

a litter n of 3 

Figure 6.4 No change in novel location recognition in either male or female 

rats with prenatal exposure to THC. Created with Biorender. 
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and an animal n of 10-16 was used per sex per group. No significant sex effects were 

found and so the data was pooled. 

6.4.3 There are sex differences in the endocannabinoid 

component of the 10 Hz but not 1 Hz LTD paradigms 

 Figure 6.5 900 x 1 Hz LTD is not eCB dependent in either male (b, d, f) or female (a, 

c, e) animals 
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Figure 6.6 6000 x 10 Hz LTD is eCB dependent in females (a, c, e, g) and mGluR dependent 

in males (b, d, f, h) 
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6.4.3.1 1 Hz 

In the 1 Hz protocol in males, an animal n of 9 and a slice n of 13 was used to assess 

LTD. With slices that did not depress included in the dataset, 13.12% LTD was observed 

(Figure 6.5 d). With bath application of the CB1 inverse agonist AM251, there was no 

significant change in the amount of observed LTD (slice n = 11, animal n = 6, average 

LTD = 8.10%, Figure 6.5 b, f). In female animals, only 7.56% of LTD was observed in the 

1 Hz paradigm (slice n = 7, animal n = 4, Figure 6.5 c). With the application of AM251, 

there was similarly no difference in the amount of LTD (7.35%, slice n = 9, animal n = 9 

Figure 6.5 a, c).    

6.4.3.2 10 Hz 

The 10 Hz protocol was endocannabinoid dependent in females but not males (Figure 

6.6).  Females showed 37.20% LTD with no drug applied (slice n = 6, animal n = 5), and 

this shrank to -4.78% (p = 0.046, Levene’s = variance equal, independent samples t-test, 

slice n = 6, animal n = 6, Figure 6.6 a, c, e) when AM251 was applied for the last 15 

minutes of pre-conditioning and during protocol. Males showed 14.01% LTD (slice n = 

16, animal n = 10), and 12.93% LTD with AM251 (slice n = 10, animal n = 7, Figure 6.6 

b, d, f). Because metabotropic glutamate receptors also communicate with the eCB 

system, an experiment with a bath application of MPEP was also performed. In females 

there was no significant change in the amount of LTD, at 12.07% (slice n = 6, animal n = 

4, Figure 6.6 a, g), but in males the application of MPEP blocked LTD to reveal LTP (p = 

0.007, Levene’s correction applied, independent samples t-test, slice n = 7, animal n = 4, 

Figure 6.6 b, h).  
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6.4.4 THC exposed males showed a decrease in the amount of 

LTD but all THC exposed animals showed a decrease in the 

efficacy of LTD induction 

6.4.4.1 Slice characteristics 

 Figure 6.7 Paired-pulse and input/output ratios are not affected by prenatal THC exposure. A. 

paired-pulse representative traces and graph b. input/output representative traces and graph. 

Two-tailed t-test performed in SPSS. 
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In the paired-pulse ratio measurements, there was a significant effect of sex (p =0.013, 

Figure 6.7 a). In the males, there was a trend towards a decrease (p = 0.067), from the 

control to the prenatal THC exposed group but it did not meet the threshold of 

significance (Figure 6.7 a).  There were no significant differences observed in the input 

output curves between any groups (Figure 6.7 b).  



102 
 

 

 
Figure 6.8 900 x 1Hz and 6000 x 10 Hz LTD in prenatal THC exposed animals. a, c, e, 

g trend towards deficit in females (c, open circles) but not the males (e, closed circles) 

in the 6000 x 10 Hz paradigm however females show deficit in slice LTD induction 

success rate (g). b, d, f, h deficit in males (f) but not females (d) in the 900 x 1 Hz 

protocol where males also show a deficit in slice success rate (h).  
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6.4.4.2 10 Hz 

Because male and female animals responded to the drug differentially, they were 

assessed separately here. In this experiment, the ability to induce LTD and the 

magnitude of LTD were assessed separately. Females showed no differences in the 

amount 6000 x 10 Hz LTD in vehicle exposed (36.62%, slice n = 11, animal n = 8) 

relative to THC exposed (23.81%, slice n = 5, animal n = 3, Figure 6.8 a, c). The animal n 

for the THC exposed animals was 5, however, only slices from three animals depressed. 

There was a significant difference in the efficacy of LTD induction in these females (p = 

0.030, Figure 6.8 a, g). Males showed no change in the amount of LTD in the control 

group (23.07%, slice n = 9, animal n = 5), compared with the prenatally exposed group 

(20.40%, slice n = 5, animal n = 4, Figure 6.8 e). There was no significant decrease in 

the efficacy of LTD induction in the males (Figure 6.8 g).  

6.4.4.3 1 Hz   

In the 900 x 1 Hz LTD experiment there were no significant differences between the 

control females (9.98%, slice n = 6, animal n = 6) compared with THC exposed females 

(15.12%, slice n = 5, animal n = 4, Figure 6.7 b, d) as well as no change between the 

efficacy of LTD induction (Figure 6.7 h).  In the males however showed a significant 

decrease in the amount of LTD (p = 0.049) in controls (33.85%, slice n = 11, animal n = 

9), compared with THC exposed (14.65%, slice n = 6, animal n = 5, Figure 6.7 b, f). 

There was also a significant decrease in the efficacy of LTD induction in the males (p = 

0.05, Figure 6.7 h).   
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6.4.5 Prenatal THC exposed animals showed a difference in 

cannabinoid receptor size, cannabinoid receptor localization, 

and the ratio of large to small gephyrin clusters in a sex 

dependent manner. 

 

CB1 receptor density (as measured by percent area) was not altered across any of the 

groups (Figure 6.8 a). However, in the average puncta size was decreased in a region 

and sex dependant manner (Figure 6.8 b).  In males prenatally exposed to THC, there 

was a significant reduction (p = 0.009) in CB1 puncta size compared with the control 

group (Figure 6.8 b). Interestingly, in general control male animals had larger CB1 

puncta clusters relative to THC male animals (p = 0.007).  

Figure 6.9 CB1 receptor area and size. Average puncta size is decreased in the ventral 

hippocampus of male animals. 
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Figure 6.10 Co-localization of CB1 with gephyrin and PSD95. A. increase in the co-localization 

of CB1 with gephyrin in the dorsal but not ventral hippocampus of male and female animals. b. 

no change in the co-localization of PSD95 with CB1. c. Ratio of area covered by small or large 

gephyrin puncta.  
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When comparing receptor co-localisation between CB1 and gephyrin, a significant 

increase was observed in prenatal THC animals in both females (p = 0.016), and males 

(p = 0.002) compared with control animals in the dorsal dentate gyrus (Figure 6.9 a). A 

similar trend was observed ventrally, however did not meet the statistical threshold 

(female p = 0.077, male p = 0.079). There were no significant differences observed in 

receptor co-localization between PSD95 and CB1 in any cases. The relative ratio of large 

to small gephyrin clusters was found to be decreased in the dorsal dentate gyrus of 

males (p = 0.041), with a similar, non-significant trend observed in the ventral dentate 

gyrus of females (p = 0.057, Figure 6.9 c).  

6.4.6 Prenatal THC exposed animals show an increase in 

dendritic spines 

An omnibus ANOVA revealed a significant effect of treatment (p<0.001) as well as sex 

(p = 0.005). As such male and female animals were analysed separately. Both male and 

female animals showed a significant increase in the density of dendritic spines (male p < 

0.001, female p = 0.009). However, when assessing the different spine morphologies, 

only females showed a decrease in the density of mushroom (p = 0.013) and filipodia (p 

= 0.023).  Both males and females showed an increase in the density of stubby spines 

(male p > 0.001, female p = 0.003).  
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6.5 Discussion 

Figure 6.11 Dendritic spines are altered with prenatal THC exposure. Increase observed in 

spine density in male and female animals, predominantly from an increase in stubby spines. 

Females also show a decrease in filipodia and mushroom spines. 
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6.5 Discussion 

This study investigated synaptic plasticity and receptor co-localization in a rat model of 

prenatal THC exposure. These results are sex and region dependent, and some 

underlying differences in male and female brains were elucidated. This prenatal THC 

exposure paradigm was designed to approximately reflect a population who smokes one 

joint per day (254). Interestingly, no obvious behavioural deficits in the dams were 

observed. However, only hypolocomotion, one of the four elements of the cannabinoid 

tetrad, was studied. The other three are analgesia, catalepsy, and hypothermia, which 

were not assessed to minimize maternal stress (255). Interestingly, the male pups 

opened their eyes significantly earlier. This is likely due to the premature birth that was 

observed. This premature birth is like what is seen in human studies of prenatal 

cannabis exposure, and the sex differences seen follow the trend where male animals are 

affected more strongly by teratogens than female animals (237,256).  

The endocannabinoid component of 900 x 1 Hz LTD was first studied in our lab by Dr. 

Christine Fontaine (6). Her study found that there was an eCB component of this LTD 

type while this study did not. Interestingly, her study used adolescent males (~p20s) 

while this study assessed adult male and female animals (6). This suggests the 

possibility that the strategy used to induce this type of depression may change over the 

course of the lifespan.  Similarly, males did not show a direct effect of antagonizing the 

CB1 receptor on LTD. MPEP, which caused potentiation in males during the 6000 x 10 

Hz protocol, is a negative allosteric modulator of the metabotropic glutamate receptor 5 

(mGluR5), meaning that MPEP binds to the receptor at a separate cite than endogenous 

ligands and causes a conformational change that decreases receptor affinity for its 
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substrate (257). Therefore, MPEP is expected to decrease the mGluR’s affinity for 

glutamate. This receptor subclass is often found post-synaptically on excitatory and 

inhibitory neurons, as well as presynaptically on excitatory neurons (258).   Under 

normal conditions mGluR activation would be theorized to cause depression by 

stimulating the production of endocannabinoids, which would travel in retrograde 

across the synapse, activating CB1 receptors and thus decreasing transmitter release. 

However, that is only if excitatory cells are considered. Given that these results (Figure 

6.9 a and b) support the literature in that more cannabinoid receptors are involved with 

inhibitory synapse relative or excitatory synapses, a different model must be considered. 

In general, the same mGluR signalling pathway applies, where postsynaptic receptor 

activation leads to the suppression of presynaptic neurotransmitter release. The 

difference is that the neurotransmitter whose release is being suppressed is GABA. So, 

more GABA release at inhibitory synapses would lead to a suppression of that release 

though CB1 receptors on the presynaptic terminal. Similarly on excitatory CB1 

containing synapses, mGluR activation by glutamate would lead to a negative feedback 

loop where less glutamate is released. An important point to consider with the former 

inhibitory synapses, is that they generally do not release glutamate. And yet mGluR1/5 

receptors are found there. This indicates that it likely acts as a coincidence detector of 

glutamate spill over from neighbouring synapses. However, none of this explains how 

mGluR activation prevents the induction of LTD, and indeed causes potentiation. It 

could be that the feedback loop that exists on excitatory synapses is the form primarily 

affected, and that it works in a way that is independent of CB1 receptors. More 

interestingly, these differential effects could be the product of differential activation of 

the CB1 receptor under different ligand concentrations. The CB1 receptor has been 
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shown to have ligand bias with agonists of different affinities, and couple with different 

G protein effectors so it is possible that the effect of MPEP is from decreasing the level of 

endogenous cannabinoids such that the very low ligand concentration is leading to a 

homeostatic mechanism of upregulation.  

The female animals showed a 6000 x 10 Hz LTD that trended towards showing an 

endocannabinoid dependent phenotype.  The fact that there was no trend with MPEP 

application suggests that in females, the mechanism of LTD in the 6000 x 10 Hz 

protocol is from the production of eCBs from high intracellular calcium concentrations 

instead of from the mGluR receptor. This could explain the trend towards a decrease 

shown in female animals prenatally exposed to THC. Female animals showed increased 

variability relative to male animals, an effect likely caused by the oestrous cycle.  

Interestingly, the female animals showed a decreased efficacy of LTD induction in THC 

exposed animals relative to controls.  

Male animals exposed to THC showed a significant decrease in the 900 x 1 HZ LTD, and 

a decrease in the efficacy of inducing this LTD.  

Endocannabinoid induced inhibitory LTD (iLTD) is known to be correlated with a 

decrease in CB1 receptor cluster bouton size. In the ventral hippocampus of males, a 

decrease in CB1 size was observed in males prenatally exposed to THC. Further in both 

male and female animals there was an increase in the co-localization of CB1 receptors 

with gephyrin. This supports the hypothesis that chronic THC exposure during 

development causes increased excitation, mediated by interneurons prior to the turning 

of the GABA switch. The classic dogma that “neurons that fire together wire together” 

suggests that an increased amount of excitatory connection via the property of GABA as 
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excitatory during development did indeed lead to an increased amount of interneuron 

wiring in this model (259). The increased ratio of larger GABAergic boutons, as 

indicated by larger gephyrin clusters, related to smaller ones, also supports this 

hypothesis (260).  

As for dendritic spines, an increase in spines is sensical relative to what is already 

known in the field; being that children exposed to THC prenatally show symptoms of 

ADHD and autism, and that in ADHD and autistic brains show an increase in dendritic 

spines (216,261,262). The fact that the type of spine that is increased in the stubby 

subtype is also interesting. While dendritic spines are plastic, the head to neck ratio 

determines much of their physiological characteristics, and stubby spines are not as 

selective regarding which signals get propagated compared with mushroom spines 

(263). This finding suggests that the increase in spines with lower signal fidelity could 

be a mechanism of alteration.  

Together these data show that the endocannabinoid system is dysregulated after 

prenatal THC exposure caused by an increase in the number of excitatory synapses, and 

that these receptor changes are correlated with deficits in synaptic plasticity.  

6.6 Conclusions 

In conclusion, the results of this study demonstrate sex and region- dependent effects of 

prenatal THC exposure on synaptic plasticity and receptor co-localization. Despite no 

apparent behavioural deficits in the dams, premature birth was observed, with pre-

mature eye opening in male pups. The 900 x 1 Hz LTD study did not show an 

endocannabinoid-dependant component in either male or female animals, however 
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most previous studies assayed adolescent animals while here we assayed adults, 

suggesting potential developmental differences in the strategy for inducing this form of 

depression. In the 6000 x 10 Hz experiment, females but not males’ results suggested an 

endocannabinoid component. The involvement of mGluRs was explored, and it was 

observed that mGluR1/5 activation led to potentiation instead of depression, possibly 

through a CB1 autonomous mechanism. Prenatal THC exposure resulted in decreased 1 

Hz LTD and decreased efficacy of 10 Hz LTD induction, while female showed deficits 

only in the induction of 10 Hz LTD, but not its magnitude. Furthermore, THC exposed 

males exhibited a reduction in CB1 puncta size in a region-specific manner, and b0th 

sexes showed an increase of CB1 gephyrin co-localization in a region-dependent 

manner. This study suggests that the endocannabinoid system is dysregulated even in 

adulthood following prenatal THC exposure, and this dysregulation has consequences 

for synaptic plasticity. 
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CHAPTER 7 

Conclusions 

7.1 Synthesis of results  

In this dissertation, I examined the overarching effects of prenatal cannabis exposure on 

the developing hippocampus, with special interest paid to the inhibitory aspect of this 

brain region. In chapter 2, I highlighted the lack of studies in prenatal cannabis 

exposure in the hippocampus. The rest of my dissertation has been spent trying to fill 

those research gaps using a combination of field electrophysiology, 

immunohistochemistry, and behavioural assays.  

 

Figure 7.1 Interneurons densities do not change appreciably during adulthood, and so likely 

are a driving effector of changes in synaptic markers, functional plasticity, and dendritic 

spine density.  
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Prenatal THC exposure was found to lead to a reduction in the number of inhibitory 

interneurons in a region and sex-specific manner, highlighting the importance of 

studying sex differences in the brain. Inhibitory interneurons play an important role in 

the maintenance of the inhibitory/ excitatory balance of the brain, and so alterations of 

their numbers are likely to disrupt that balance. The change in E/I balance was further 

investigated in chapter 6, where functional differences in slice recordings were 

contrasted with co-localization of CB1 with inhibitory and excitatory markers. Because 

the endocannabinoid system is so intertwined with neuroinflammation, microglia were 

also assayed and found to be altered.  

All of these findings revolve around the CB1 receptor, and what happens when it is 

activated exogenously during development. The decrease of interneurons in the dorsal 

but no change or increase in the ventral suggest that the CB1 receptor’s role in cell 

migration is impacted by prenatal cannabis exposure. The microglia studies suggest that 

aberrant CB1 receptor activation could lead to excitotoxicity- leaving microglia in the 

adult brain with the lasting changes of experiencing inflammatory insult. It could also 

indicate that the altered CB1 receptors lead to altered eCB levels, affecting the signalling 

to microglia. The synaptic plasticity and receptor studies indicate that the combination 

of the prenatal GABA switch, and downregulation of CB1 receptors around the time 

when the brain is wiring up are indeed what is happening, and that extra GABAergic 

connections are created, altering the E/I balance in the brain and inhibiting synaptic 

plasticity. Further, these results suggest that more functional GABAA receptor clusters 

exist in animals prenatally exposed to THC. Given that receptors density, functional 

plasticity, and dendritic spines have all been shown to be changeable, much more so 
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than interneuron cell densities, it is likely that the early effects of prenatal THC 

exposure act on interneurons which then impact these other measures. Together these 

results show that prenatal THC exposure has long lasting consequences in the 

hippocampus that persist into adulthood. 

7.2 Limitations 

The interneuron studies were limited by the nature of the study design, specifically in 

that they are snapshots of what is happening in the adult brain and do not yield 

causative results. The microglia study was limited by the lack of western blot results to 

fully characterize the phenotype, and by the fact that cell density is not known. Some 

electrophysiology experiments are limited by low slice numbers. The model of prenatal 

THC exposure only exposes animals to a known quantity of THC but does not assess 

how much THC is metabolized. The maternal behaviour study should be run separately 

to animal generation so that the full cannabinoid tetrad can be performed. The receptor 

studies are limited by the variable nature of puncta analysis, although I think 

thresholding relative to the images own histogram was helpful with this. This work 

would benefit from a control genetic models where the CB1 receptor could be modulated 

independently of THC administration, to confirm that the results seen are not a result of 

any binding with the CB2 receptor or other off-target effects.  
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7.3 Future Directions 

The questions answered in these studies have opened the door to many new questions. 

In no particular order future studies should assess the cannabinoid tetrad in pregnant 

dams, the amount of THC metabolites in the pregnant dams, the amount of endogenous 

cannabinoids in the offspring, the survival of interneurons across the lifespan, 

interneuron migration, the impacts on adult neurogenesis, the inflammatory profiles of 

microglia, microglia’s ability to respond to immune challenge, the specific 

characteristics of interneurons using patch clamping, the reason for the MPEP 

potentiation should be further investigated. Finally, drug studies of treatments such as 

anti-epileptics should be done to assess if postnatal intervention can ameliorate the 

phenotype.  
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Supplementary 

Figure S1: : Photomicrograph of a coronal hippocampal slice from a p70 Sprague 

Dawley rat showing how areas were traced during Image J analysis in DAB developed 

parvalbumin immunohistochemistry. Suprapyramidal and infrapyramidal 

measurements were taken separately, but pooled during final analysis. Inlay in bottom 

left is a photomicrograph of how cells appeared during counting.  
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Figure S2: Representative images of parvalbumin-positive cells developed in DAB. A-

D.: Dentate gyrus E-H.: CA1. 
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Figure S3: Example of Cresyl Violet counting method. Dorsal and ventral traces at the 

top of the image show the anatomy of each slice selected, and purple boxes show where 

each representative image was taken from. For each image, a 2000 um2 grid was added 

in ImageJ using Tools> Analyse> Grid. Three boxes from each image were chosen for 

analysis, one aligned to the top, middle, and bottom of the cell layer to the best of the 

counter’s ability. The red and green lines illustrate how the counter selected cells that 

were counted as in and out of the box; cells touching the green line were counted as in 

and cells touching the red line were counted as out. The “multipoint selection tool” in 

ImageJ was used to keep track of counted cells. Note that images shown have been 

cropped to allow for a closer view of the cell layer. 
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Figure S4: Reconstructed cell counts of the pyramidal cell layer of the CA1 region and 

the dentate granule cell layer. Each point represents one animal. Cohen’s D of effect size 

shown where each experimental group is compared with control. 
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Figure S5: Reconstructed areas of the pyramidal cell layer of the CA1 region and the 

dentate granule cell layer. Each point represents one animal. Cohen’s D of effect size 

shown where each experimental group is compared with control. 
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Figure S6: Number of Cresyl Violet stained cells in 3 2000 μm2 boxes over the 

pyramidal cell layer of the CA1 region and the suprapyramidal blade of the dentate 

granule cell layer. Cohen’s D of effect size shown where each experimental group is 

compared with control. 

 

 

 

 

 



145 
 

 

 

 

Figure S7: Ratio of dorsal to ventral parvalbumin neuron density in rats exposed to air, 

THC, EtOH, and EtOH + THC from GD5-20 in the dorsal and ventral cornu ammonis 1 

region. C-D. Ratio of dorsal to ventral parvalbumin neuron density in rats exposed to 

air, THC, EtOH, and EtOH + THC from GD5-20 in the dorsal and ventral dentate gyrus. 
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Figure S 5.1 Flow diagram of image acquisition 
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Figure S 6.1 Additional Novel Location Recognition Analysis 
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Figure S 6.2 Picrotoxin is not necessary for the induction of LTD in the 10 Hz protocol. 

All animals are male.  
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Figure S 6.3 Comparison of paradigms types in female (open circles) and male (closed 

circles) animals. 
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Table S 2.1 PRISMA search terms 

Search Term 

Blocks 

Search Terms 

Specifies 

Prenatal 

“Antenatal” OR “antepartum” OR “fetal” OR “prenatal” 

Specifies brain 

region 

“Hippocamp*” OR “dentate” OR “dentate gyrus” OR “CA1” OR 

“CA2” OR “CA3” OR “LPP” OR “MPP” OR “perforant pathway” OR 

“fimbria-fornix” OR “Schaffer collaterals” OR “Commisural 

pathway” 

Specifies  

cytoarchitecture 

“Genetic” OR “gene” OR “mRNA” OR “methylation” OR 

“hypermethylation” OR “acetylation”OR “hypomethylation” OR 

“methyl mark” OR “epigenetic” OR “NDMA” OR “nicotinic” OR 

“muscarinic” OR “CB2” OR “CB1” OR “GPCR” OR “G-protein” OR 

“G protein” OR “AMPA” OR “Calcium channel” OR “sodium 

channel” OR “chloride channel” OR “cAMP” OR “cyclic AMP” OR 

“PKA” OR “Signal transduction” OR “neurogenesis” OR “granule 

cell” OR “proliferation” OR “apoptosis” OR “neural stem cell” OR 

“neural stem cells” OR “cellular migration” OR 

“Immunohistochemistry” OR “IHC” OR “Ki-67” OR “PCNA” OR 

“Sox2” OR “BrdU” OR “DCX” OR “GFAP” 
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Table S 2.2 PRISMA inclusion and exclusion criteria 

Inclusion Criteria Exclusion Criteria 
Must be a journal article 

 
No behavior only paper 

Must have cellular-level data (IHC, 
western, etc.) 

No non-English papers 
 

Must have prenatal equivalent 
exposure  

 

Not in brain 
 

Must include hippocampus or dentate 
gyrus 

No review papers 

Must mention Alcohol or Cannabinoid 
system in the abstract 

Not injection alcohol 
 

Must be mouse or rat 
 

Electrophysiology only 

 No drugs used to cure phenotype 
 No other diseases 

 
 No papers published before 2000 

 
 No preliminary data papers 

 
 

Specifies 

Alcohol 

“PNEE” OR “Prenatal ethanol” OR “Prenatal alcohol” OR “PAE” OR 

“prenatal alcohol exposure” OR “FASD” OR “FAS” OR “fetal alcohol 

spectrum disorder” OR “fetal alcohol syndrome” OR “fetal alcohol 

exposure” OR “prenatal ethanol” OR “fetal ethanol” OR “ethanol” 

OR “alcohol” 

Specifies 

Cannabis 

“cannabis” OR “marijuana” or “THC” OR “Tetrahydrocannabinol” 

OR “Δ⁹-tetrahydrocannabinol” OR “cannabinoid” OR “WIN 55,212-

2” OR “PME” 
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Table S 2.3 Short-listed papers that were excluded from the PRISMA, with reasons 

Supplementary: Short-listed Papers that Were Excluded from the Final PRISMA, with Reasons 

Author Title Year Methods Main Findings Reason for 
Exclusion 

(264) Dysregulatio
n of the 
endogenous 
cannabinoid 
system in 
adult rats 
prenatally 
treated with 
the 
cannabinoid 
agonist WIN 
55,212-2 

200
7 

[35S]GTPγS binding 
assay, [3H]CP 
55,940 binding 
assay, HPLC, 
hydrolysis of 
[3H]anandamide by 
fatty acid amide 
hydrolase, synthesis 
of anandamide 
through the activity 
of N-acyl-
phosphatidylethanol
amines (NAPE)-
hydrolysing 
phospholipase D, 
Motor activity 

EC50 values for WIN 55,212-2-
stimulated [35S]GTPγS binding 
were significantly different in 
hippocampus (− 26%) and 
striatum (+ 27%) in WIN 55,212-
2-treated rats. Cannabinoid CB1 
receptor density and affinity were 
not affected in any analyzed 
region. In the striatum, increased 
anandamide levels were 
associated with reduced FAAH 
and enhanced NAPE-PLD 
activities. Opposite changes in 
anandamide levels and enzymatic 
activities were detected in limbic 
areas of WIN 55,212-2-treated 
rats. Ambulatory activity between 
WIN 55,212-2- and vehicle-
treated adult offspring did not 
vary. 

No 
immunohis
tochemistr
y 

(265) Effects of 
prenatal 
ethanol 
exposure on 
basal limbic-
hypothalamic
-pituitary-
adrenal 
regulation: 
Role of 
corticosteron
e 

200
7 

Adrenalectomy and 
Corticosterone 
Replacement; blood 
CORT and ACTH 
levels; 
Corticosterone and 
ACTH 
Radioimmunoassay; 
Antisense 
oligonucleotide 
probes for AVP, 
CRH, and POMC; 
Densitometric 
Analysis  

Prenatal ethanol exposure 
induces HPA dysregulation under 
basal conditions at multiple levels 
of the axis, resulting in alterations 
in both HPA drive and feedback 
regulation and/or in the balance 
between drive and feedback. 
While some effects may be 
nutritionally mediated, it appears 
that the mechanisms underlying 
basal HPA dysregulation may 
differ between E and PF animals 
rather than occurring along a 
continuum of effects on the same 
pathway. 

No 
immunohis
tochemistr
y, includes 
a 
treatment: 
cort 
removal 
and 
replacemen
t 

(266) Downregulati
on of 
dopamine D1 
receptors and 
increased 
neuronal 
apoptosis 
upon ethanol 
and PTZ 

201
3 

Primary cell culture 
and drug treatment, 
RT-PCR, Western 
blotting, TUNEL 
staining 

Ethanol and PTZ exposure down 
regulate the D1R expression and 
induced apoptotic neuronal death 
in prenatal rat brain. Therefore, 
our results suggested that 
exposure of ethanol and PTZ in 
primary neuronal cell culture 
leads to significant decrease in 
the expression of D1R and further 

No 
immunohis
tochemistr
y 



153 
 

 

exposure in 
prenatal rat 
cortical and 
hippocampal 
neurons. 

leads to apoptotic neuronal cell 
death by significantly increasing 
the expression of pro apoptotic 
Bax, Bak and significantly 
decreasing the anti-apoptotic 
protein Bcl-2 leading to the 
increase in the expression of 
cleaved caspase-3 protein 

(267) Ethanol 
exposure 
enhances cell 
death in the 
developing 
cerebral 
cortex: Role 
of brain-
derived 
neurotrophic 
factor and its 
signaling 
pathways 

200
2 

DNA Isolation and 
Determination of 
Fragmentation 
Associated With 
Apoptosis; RNA 
Extraction and 
Ribonuclease 
Protection Assay; 
BDNF ELISA; 
Western Blot for 
Analysis of PARP, 
Caspase 3, TrkB 
Receptors, and Bcl2; 
Electron Microscopy 
Analysis 

Results support the hypothesis 
that alterations in the availability 
of neurotrophins and/or the 
correct functioning of their 
survival signaling receptors, as 
well as astroglial damage, may 
impair the establishment of 
neural connection and synaptic 
stabilization, leading to cell death 

No 
immunohis
tochemistr
y 

(268) Fate Analysis 
of Adult 
Hippocampal 
Progenitors 
in a Murine 
Model of 
Fetal Alcohol 
Spectrum 
Disorder 
(FASD) 

201
3 

Environmental 
Enrichment (EE); 
histology: DCX, 
PCNA, GFAP, S-
100b 

Moderate exposure to gestational 
alcohol can result in resistance to 
the neurogenic benefits of 
[environmentally enriched] in 
mice. 

Contains a 
treatment: 
environme
ntal 
enrichment 

(269) Fetal alcohol 
exposure 
alters GAP-
43 
phosphorylati
on and 
protein 
kinase C 
responses to 
contextual 
fear 
conditioning 
in the 
hippocampus 
of adult rat 
offspring 

200
4 

Contextual Fear 
Conditioning, PKC 
Activity Assay, 
Western Blot 
Analysis of GAP-43, 
Phospho-GAP-43, 
and PKC Subtypes 

Considering the role of PKC 
activation and GAP-43 
phosphorylation in synaptic 
plasticity,our results suggest that 
deficient translocation of 
PKCbeta2and PKCbeta in the 
hippocampus may mediate 
theelectrophysiological and 
behavioral deficits observed in 
fetal alcohol exposed animals. 

No 
immunohis
tochemistr
y 
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(270) Hippocampal 
GR-and CBI-
mediated 
MGluR5 
differentially 
produces 
susceptibility 
and resilience 
to acute and 
chronic mild 
stress in rats 

201
7 

Microinjection of 
WIN55,212-2; Stress 
protocol; Sucrose 
preference test; 
Open field test; RT-
PCR; Western 
blotting: GR, CB1, 
mGluR5, and β-actin 

GR was associated with the lower 
mGluR5 mRNA and protein in 
susceptibility rats of CMS group. 
CB1 was related to the lower 
mGluR5 mRNA and protein in 
susceptibility rats of AS group. 
Glucocorticoid and cannabinoid 
systems in hippocampus may 
regulate susceptibility and 
resilience to stress. 

No 
immunohis
tochemistr
y, includes 
a 
treatment: 
stress 
protocol 

(271) Hippocampal 
N-Methyl-D-
Aspartate 
Receptor 
Subunit 
Expression 
Profiles in a 
Mouse Model 
of Prenatal 
Alcohol 
Exposure 

201
0 

RT-PCR; 
Immunoblotting of 
NMDA Receptor 
Subunits; 
Synaptosomal 
Membrane (LP1) 
Preparation and 
Immunoblotting of 
NMDA; 
Immunoprecipitatio
n 

Prenatal alcohol exposure induces 
selective changes in NMDA 
receptor subunit levels in specific 
subcellular locations in the adult 
mouse hippocampal formation. 
Of particular interest is the 
finding of decreased PSD‐95‐
associated NR2B levels, 
suggesting that synaptic NR2B‐
containing NMDA receptor 
concentrations are reduced in 
FAE animals 

No 
immunohis
tochemistr
y, dams 
given 
ethanol 
outside of 
pre-
determined 
exposure 
period for 
this 
systematic 
review 

(272) Impact of 
moderate 
prenatal 
alcohol 
exposure on 
histaminergic 
neurons, 
histidine 
decarboxylas
e levels and 
histamine H 
2 receptors in 
adult rat 
offspring 

201
9 

Ethanol 
consumption study; 
Maternal serum 
ethanol assessment; 
Histidine 
decarboxylase 
(HDC) 
immunohistochemis
try, HDC western 
blotting, Specific 
[125I]-
iodoaminopotentidi
ne binding to 
histamine H2 
receptors, 
Amthamine-
stimulated cAMP 
accumulation 

Prenatal alcohol exposure (PAE) 
reduced histidine decarboxylase 
(HDC) in dentate gyrus, frontal 
cortex, and cerebellum of adult 
offspring. The number of HDC-
positive neurons in ventral 
hypothalamus, the source of all 
histaminergic neural projections 
in brain, was not altered by PAE. 
Histamine H2 receptor density 
and H2 receptor-effector coupling 
were not altered by PAE. The 
PAE-induced reductions in HDC 
occurred in brain regions where 
heightened H3 receptor-effector 
coupling was observed previously. 

Ethanol 
given to 
dams 
outside of 
gestation 

(273) Impaired ILK 
Function Is 
Associated 
with Deficits 
in 
Hippocampal 
Based 

201
5 

Contextual fear 
conditioning; 
Electrophysiology 
recording; 
Immunoprecipitatio
n (IP) assay, 
Western Blot 

From this study, we conclude a 
close association of impaired ILK 
pathway and synaptic plasticity 
deficits in prenatal alcohol 
exposed rat model. Reduced ILK 
activity could be due to reduced 
BDNF to proBDNF ratio. The 

No 
immunohis
tochemistr
y 
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Memory and 
Synaptic 
Plasticity in a 
FASD Rat 
Model 

analysis, ILK activity 
assay 

reduced kinase activity and 
diminished interaction to GluR2 
AMPAR could be responsible for 
increased stabilization of GluR2 
containing receptors at the 
synapse. The increased calcium 
impermeable AMPAR is 
responsible for impaired LTP 
induction and maintenance. 
Reduced LTP can also be due to 
increased GSK3β activation 
which could affect receptor 
trafficking and protein expression 
required for LTP maintenance. 

(274) Impairments 
in 
hippocampal 
synaptic 
plasticity 
following 
prenatal 
ethanol 
exposure are 
dependent on 
glutathione 
levels. 

201
3 

Blood alcohol 
concentration assay; 
N‐Acetyl‐Cysteine 
Supplementation; 
Electrophysiology; 
Determination of 
Glutathione Levels 

Study demonstrates the existence 
of a relationship between 
intracellular GSH levels and LTP 
in the DG of the hippocampus. 
With PNEE, long‐term deficits in 
GSH occur and these lead to a 
decrease in LTP specifically in 
male animals. Supplementing 
PNEE animals with NAC to boost 
GSH concentrations is able to 
restore LTP in males 

No 
immunohis
tochemistr
y 

(275) Increase of 
KCC2 in 
hippocampal 
synaptic 
plasticity 
disturbances 
after 
perinatal 
ethanol 
exposure 

201
7 

Electrophysiology; 
In vitro drug 
applications; 
Autoradiography; 
KCC2 
Immunofluorescenc
e; KCC2 and NKCC1 
western blotting  

perinatal ethanol exposure in rats 
disturbs the role of GABAA 
inhibitions in modulating both 
NMDA-dependent LTP and LTD 
type of synaptic plasticity in CA1 
area of the hippocampus. Such 
disturbances are accompanied 
with an upregulation of KCC2 co-
transporter expression and can be 
corrected with acute bath 
application of bumetanide. 

Ethanol 
given to 
dams 
outside of 
gestation 

(276) Influence of 
N-methyl D-
aspartate 
receptor 
mechanism 
on 
WIN55,212-
2-induced 
amnesia in 
rat dorsal 
hippocampus
. 

201
1 

Intra-CA1 injections 
of WIN55,212-2; 
Retrieval test; 
Elevated plus maze 

These results suggest a possible 
relationship between NMDA 
receptor function and WIN 
responses. It is proposed that 
both NMDA receptor agonist and 
antagonist may restore memory 
in WIN-induced amnesia, but 
through different mechanisms. 
Although MK restores memory 
impairment induced by MK itself 
or by WIN through a state-
dependent mechanism, NMDA 
may improve memory through 

No 
immunohis
tochemistr
y, is 
behavior 
only 
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glycine sites, which may be 
involved in spatial memory 
through their modulatory action 
on hippocampal NMDA receptors 

(277) Long-lasting 
alterations of 
hippocampal 
GABAergic 
neurotransmi
s adult rats 
following 
perinatal 
Delta(9)-THC 
exposure 

201
7 

[3H]-GABA outflow 
experiments; [3H]-
GABA uptake 
experiments; 
Binding experiments 

Maternal exposure to THC 
induces long-term alterations of 
hippocampal GABA system. 
Maternal exposure to THC 
permanently decreases 
hippocampal CB1 receptor. 
Hippocampal GABAergic 
alterations might underlie 
cognitive deficits of marijuana 
user offspring. 

No 
immunohis
tochemistr
y 

(278) Maternal 
ethanol 
exposure 
reshapes 
CART system 
in the rat 
brain: 
Correlation 
with 
development 
of anxiety, 
depression 
and memory 
deficits 

201
9 

Assessment of 
anxiety-like 
behavior employing 
EPM test; 
Assessment of 
depression-like 
behavior in FST; 
Assessment of 
cognition behavior 
using NORT; CART 
Immunohistochemis
try; Morphometric 
analysis 

This study investigates the effect 
of the alcohol abuse by the female 
rat on her offspring. Rat's chronic 
maternal ethanol ingestion model 
is employed, and her offspring at 
the age of 25 and 85 days are 
assessed. Alcoholic dam's 
offspring displayed a sign of 
memory impairment, and 
anxiety- and depression-like 
behaviors. Region-specific change 
is noticed in the CART expression 
of the offspring of alcoholic dams. 
The behavioral and neurological 
deficits may be correlated to 
abnormal expression of CART. 

Ethanol 
given to 
dams 
outside of 
gestation 

(279) Moderate 
prenatal 
alcohol 
exposure 
reduces 
plasticity and 
alters NMDA 
receptor 
subunit 
composition 
in the dentate 
gyrus. 

201
3 

Electrophysiological 
recordings; Synaptic 
and nonsynaptic 
fraction preparation 
and immunoblotting 
of NMDAR 
subunits; 
Crosslinking of 
surface receptors 

We found that MPAE mice 
exhibit deficits in NMDA receptor 
(NMDAR)-dependent long-term 
potentiation (LTP) in the dentate 
gyrus. Further, using 
semiquantitative immunoblotting 
techniques, we found that the 
levels of GluN2B subunits were 
decreased in the synaptic 
membrane, while levels of C2′-
containing GluN1 and GluN3A 
subunits were increased, in the 
dentate gyrus of MPAE mice. 

Ethanol 
given to 
dams 
outside of 
gestation 

(280) NADPH 
Oxidase 
Isoform 2 
(NOX2) Is 
Involved in 
Drug 
Addiction 

201
7 

Western Blot; RNA 
Isolation and RT-
PCR; Conditioned 
Place Preference 
(CPP); Free Choice 
Protocol (Two-Bottle 
Choice Protocol);  

Our results support the role of 
redox homeostasis in the 
pathophysiology of drug 
addiction and show, for first time, 
that NOX2 could be involved in 
alcohol seeking behavior in 
mammals, specifically in the 

Ethanol 
given to 
dams 
outside of 
gestation 
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Vulnerability 
in Progeny 
Development
ally Exposed 
to Ethanol 

vulnerability associated with 
problematic alcohol 
consumption. 

(281) Neonatal 
Ethanol 
Exposure 
Impairs 
Trace Fear 
Conditioning 
and Alters 
NMDA 
Receptor 
Subunit 
Expression in 
Adult Male 
and Female 
Rats 

201
6 

Trace Fear 
Conditioning; 
Western Blotting 

EtOH‐induced changes in DH 
NMDAR subunit expression—
particularly synaptic GluN2B, 
which is critical for TFC—are 
proposed to weaken long‐term 
memory consolidation and, 
during behavioral testing, 
diminish CS‐evoked freezing 
behavior. 

No 
immunohis
tochemistr
y 

(282) Neurocircuitr
y underlying 
stress and 
emotional 
regulation in 
animals 
prenatally 
exposed to 
alcohol and 
subjected to 
chronic mild 
stress in 
adulthood 

201
4 

Chronic Mild Stress; 
Elevated Plus Maze; 
Neural Assessment 
of c-fos mRNA by in 
situ Hybridization;  

Control males rely more on the 
amygdala and hippocampal 
formation, PAE males rely more 
on the mPFC and mpdPVN when 
facing a stressful situation. In 
contrast, the functional neural 
networks underlying stress and 
emotional regulation in females 
are more restricted, as PAE 
females rely primarily on the 
mPFC and amygdala. 
Additionally, our results indicate 
that CMS differentially affected 
the neural networks regulating 
stress and emotion in PAE and 
control animals. Indeed, exposure 
to CMS reduced the activity of the 
Amygdala + Hippocampal 
Formation network in control 
males, but reduced the activity of 
the Prefrontal Cortex + 
Paraventricular Nucleus network 
in PAE males. For females, CMS 
only reduced the activity of the 
Prefrontal Cortex network in PAE 
animals. Together, our results 
suggest that PAE, regardless of its 
association with CMS, results in a 
sexually dimorphic dysregulation 
of the neurocircuitry that 
underlies stress and emotional 

No 
immunohis
tochemistr
y 
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regulation, which may be 
implicated in the stress 
hyperresponsivity and increased 
vulnerability to anxiety and 
depressive disorders observed 
among individuals exposed to 
alcohol during gestation  

(50) Neurodevelo
pmental 
alcohol 
exposure 
elicits long-
term changes 
to gene 
expression 
that alter 
distinct 
molecular 
pathways 
dependent on 
timing of 
exposure 

201
3 

RNA isolation and 
microarray 
hybridization; Gene 
ontology and gene 
network analysis; 
Quantitative RT-
PCR 

These changes to brain gene 
expression represent a ‘molecular 
footprint’ of neurodevelopmental 
alcohol exposure that is long-
lasting and correlates with active 
processes disrupted at the time of 
exposure. This study provides 
further support that there is no 
neurodevelopmental time when 
alcohol cannot adversely affect 
the developing brain. 

No 
immunohis
tochemistr
y 

(283) Prenatal 
alcohol 
exposure 
alters methyl 
metabolism 
and 
programs 
serotonin 
transporter 
and 
glucocorticoi
d receptor 
expression in 
brain 

201
5 

Real-time PCR; 
Quantification of 
DNA methylation by 
bisulfite 
pyrosequencing; 
Immunoblot 
analysis. 

We report for the first time that 
PAE is associated with altered 
plasma levels of methyl 
metabolites, altered one-carbon 
metabolism enzyme gene 
expression in liver and brain, and 
changes in the expression of two 
genes central to HPA axis 
function. These findings provide 
molecular evidence that supports 
and significantly extends previous 
studies on the effects of prenatal 
alcohol exposure on gene 
expression and epigenetic 
mechanisms, and advances our 
understanding of the 
pathophysiology of FASD. 

No 
immunohis
tochemistr
y 

(284) Prenatal 
Alcohol 
Exposure 
Leads to 
Enhanced 
Serine 9 
Phosphorylat
ion of 
Glycogen 
Synthase 
Kinase-3beta 

201
7 

Western Blot 
Analysis; 
Immunohistochemis
try 

These findings suggest that PAE 
may lead to a long-term 
disruption of GSK-3b signaling 
within the DG, and implicate 
mossy cells, GABAergic 
interneurons, and CA primary 
neurons as major targets of this 
dysregulation. 

Ethanol 
given to 
dams 
outside of 
gestation 
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(GSK-3beta) 
in the 
Hippocampal 
Dentate 
Gyrus of 
Adult Mouse. 

(285) Prenatal 
ethanol 
exposure 
alters adult 
hippocampal 
VGLUT2 
expression 
with 
concomitant 
changes in 
promoter 
DNA 
methylation, 
H3K4 
trimethylatio
n and miR-
467b-5p 
levels 

201
5 

Microarray-based 
analysis of gene 
expression; qPCR 
validation of 
differential gene 
expression; Clonal 
bisulphite 
sequencing; In vitro 
reporter assays of 
promoter function; 
ChIP-qPCR; 
Western blotting; 
MicroRNA profiling; 
TaqMan qPCR 
validation of 
differential miRNA 
expression; 
Luciferase reporter 
assay of miRNA–
target mRNA 
interaction; Analysis 
of alcohol-sensitive 
miRNAs in serum 

Prenatal ethanol exposure affects 
hippocampal gene expression and 
epigenetic state at multiple levels. 
Further, these effects are 
observed following a relatively 
moderate exposure early in 
pregnancy, and only in adult male 
offspring. Our findings are 
consistent with the idea that some 
of the cognitive and behavioural 
phenotypes observed in foetal 
alcohol spectrum disorders may 
be due to altered epigenetic 
and/or miRNA-mediated control 
of glutamate neurotransmission 
in the hippocampus. 

No 
immunohis
tochemistr
y 

(286) Prenatal 
ethanol 
exposure 
persistently 
impairs 
NMDA 
receptor-
dependent 
activation of 
extracellular 
signal-
regulated 
kinase in the 
mouse 
dentate 
gyrus. 

200
9 

Electrophysiology; 
Immunoblotting for 
ERK; Western blot 
data analysis; 
Immunohistochemis
try of re‐sectioned 
hippocampal slices 

Found that FAE mice have 
decreased hippocampal NMDA 
receptor‐dependent ERK 
activation that was not because of 
inherent deficiencies in PKA 
(Rap1‐B‐Raf‐MEK) or PKC (Ras‐

Raf1‐MEK) signaling. 
Immunohistochemical studies 
demonstrated that the deficit was 
localized to the DG 

Ethanol 
given to 
dams 
outside of 
gestation 

(287) Prenatal 
exposure to 
alcohol does 
not affect 
radial maze 

200
5 

Radial Maze; 
Timm's stain 

Prenatal alcohol exposure 
influenced neither radial maze 
performance nor the sizes of the 
IIPMF terminal fields. We believe 
that future research should be 

Ethanol 
given to 
dams 
outside of 
gestation 
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learning and 
hippocampal 
mossy fiber 
sizes in three 
inbred 
strains of 
mouse. 

pointed either at different targets 
when using mouse models for 
Fetal Alcohol Syndrome (e.g. 
more complicated behavioral 
paradigms, different hippocampal 
substructures, or other brain 
structures) or involve different 
animal models. 

(102) Programming 
for increased 
expression of 
hippocampal 
GAD67 
mediated the 
hypersensitiv
ity of the 
hypothalamic
-pituitary-
adrenal axis 
in male 
offspring rats 
with prenatal 
ethanol 
exposure 

201
8 

Serum ACTH and 
corticosterone 
detection; 
Hippocampal 
haematoxylin-eosin 
(HE) staining and 
transmission 
electron microscopy 
(TEM) analysis; 
Analysis of 
hypothalamic and 
hippocampal 
function-associated 
gene mRNA 
expression; 
Immunohistochemis
try analysis of 
hippocampal 
GAD67; Analysis of 
hippocampal 
neurotransmitters, 
glutamate and 
GABA; 
Immunofluorescenc
e analysis of 
hippocampal 
glutamatergic 
neurons and 
GABAergic neurons; 
DNA extraction and 
BSP; Rat 
hippocampus cell 
line H19-7 culture 
and treatment 

High-glucocorticoid level 
mediated the intrauterine 
programming mechanism 
responsible for the 
hypersensitivity of the HPAA in 
male PEE-induced IUGR 
offspring...these intrauterine 
changes may alleviate the 
hippocampal excitatory effects on 
the glutamate-GABA synaptic 
connections, resulting in 
weakening negative regulation of 
the hypothalamus, ultimately 
leading to an increased excitatory 
ability of the hypothalamus. 
Increased expression of GAD67 as 
a compensatory effect was 
programmed in utero by 
epigenetic modifications, which 
continued until after birth or even 
into adulthood, and mediated the 
hypersensitivity of the HPAA to 
CS in the PEE male offspring. 

Offstring 
assayed 
were 
GD20, for 
this paper 
they must 
be P30 or 
older 
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Table S 3.1: Statistics table, PV cell density, CA1 

Tests of Between-Subjects Effects 

Dependent Variable:   Density   

Source Type III 

Sum of 

Squares 

df Mean 

Square 

F Sig. 

Corrected 

Model 

29132.46

7a 

15 1942.164 2.115 .018 

Intercept 2435997.

732 

1 2435997.

732 

2653.3

90 

.000 

Exposure 11805.214 3 3935.071 4.286 .008 

Sex 553.038 1 553.038 .602 .440 

DV 12841.272 1 12841.27

2 

13.987 .000 

Exposure * 

Sex 

498.796 3 166.265 .181 .909 

Exposure * 

DV 

1545.583 3 515.194 .561 .642 
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Sex * DV 464.981 1 464.981 .506 .479 

Exposure * 

Sex * DV 

833.433 3 277.811 .303 .823 

Error 69773.317 76 918.070   

Total 2575096.

786 

92    

Corrected 

Total 

a. R Squared 

= .295 

(Adjusted R 

Squared = 

.155) 

98905.78

4 

91    

 

Table S 3.2: Statistics table, PV cell density, DG 

Tests of Between-Subjects Effects 

Dependent Variable:   Inhibition   
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Source Type III 

Sum of 

Squares 

df Mean 

Square 

F Sig. 

Corrected 

Model 

.001a 15 4.331E-5 4.044 .000 

Intercept .023 1 .023 2115.2

08 

.000 

Exposure .000 3 5.376E-5 5.019 .003 

Sex 1.741E-5 1 1.741E-5 1.625 .206 

DV .000 1 .000 35.527 .000 

Exposure * 

Sex 

4.386E-6 3 1.462E-6 .137 .938 

Exposure * 

DV 

2.131E-5 3 7.102E-6 .663 .577 

Sex * DV 4.041E-5 1 4.041E-5 3.773 .056 

Exposure * 

Sex * DV 

2.709E-5 3 9.030E-6 .843 .475 

Error .001 76 1.071E-5   

Total .024 92    
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Corrected 

Total 

a. R Squared 

= .444 

(Adjusted R 

Squared = 

.334) 

.001 91    

 

 

 

 

 

 

 

 

 

 

 

 


