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Fetal alcohol spectrum disorders (FASDs) are among the leading preventable disorders in
North America and are caused by prenatal ethanol exposure (PNEE). Ethanol is a
teratogen, and prenatal exposure leads to structural and functional impairments that
depend on the amount, timing and duration of exposure. PNEE is commonly associated
with learning and memory impairments, which are paralleled by deficits in synaptic
plasticity. A number of studies have shown deficits in long-term potentiation (LTP) of
synaptic plasticity in the hippocampus, however, to date few studies have determined
how PNEE impacts long-term depression (LTD). Here, we examine the effect of PNEE
on the dynamic range of synaptic plasticity, by studying both LTP and LTD in the
juvenile Dentate Gyrus (DG) of male and female offspring. We find that PNEE impairs
N-methyl-D-aspartate receptor (NMDAR)-dependent LTP in both sexes. This appears to
be the result of a change in the threshold for induction, as increasing the amount of
stimuli administered can restore the LTP to control levels. We found that LTD was
significantly reduced in male, but not female, offspring following PNEE. As with LTP,
these deficits could be rescued by increasing the stimulation used to elicit synaptic
depression. Unlike LTP, which was NMDAR dependent, LTD induction required the
activation of both metabotropic glutamate 5 receptors (mGluRs) and cannabinoid type 1
(CBI1) receptors. These data are the first to describe the impact of PNEE on the dynamic
range of synaptic plasticity in the DG of juvenile male and female offspring. The findings
in this dissertation further describe the potential mechanistic underpinnings of learning
and memory deficits, and help identify new therapeutic targets to examine for enhancing

hippocampal function in young people afflicted with FASD.



v

Table of Contents

SUPERVISORY COMMITTEE......cccccuuuiiiiiiiiiimemnnnnsseinniimssnssssssssssssmsssnsssssssssssssssssssssssssssssssssnsnsses I
ABSTRACT ..couuiiiiiiiiiiiienneiieniiiitssssssssssisiiitessssssssssssstssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnnses n
TABLE OF CONTENTS ....ouciiiiiiiimnnniieiiiinitennsssssesiiimssssssssssssssssssssssssssssssssssssssssssssssssssssnnssssssssss v
LIST OF TABLES ...ccuuuuiiiiiiiiiiiennneiseiiiiitsensssssssssititssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssans Vil
LIST OF FIGURES .......uciiiiiiiiinnnniieiiiiiisennssssssesiiiiessssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssans Vil
LIST OF ABBREVIATIONS ... iiicerteettrscccsnnereeesssssesssnenseeessssssssssnnssessssessssssnnsssssssas X
ACKNOWLEDGIMENTS ....ouiiiiiiiiiimnnniiiiniiiiemmnmsssiisssimsessssssssssssssssssssssssssssssssssssssssssssssssssnssssssss Xi
DEDICATION .. .cittuueiiiitiiiirrennssssseeriittsssssssssssssistsssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssns Xiv
1.0 INTRODUCTION ....cciiiiiirnnnniieeiiiiinmennssssssssiisesssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssnns 1
1.1 FETAL ALCOHOL SPECTRUM DISORDERS; AN UMBRELLA OF DYSFUNCTION.....uvvunirinierneernienneennens 1

O O o = o ][ ol =TSP 3

1.2. EARLY BRAIN DEVELOPMENT ..etttuuuuuuuuuuaaaaeeaeeeeaeeeaeaeeeerereteteeeeeresessssnnnnannsnsnssasesasessasaeasaaseseenenes 4
L3 ETHANOL «eeeeeeeeeeeeee ettt ettt e e e s e s e e e e e e e e e aeeaeeese s et e te et bebe s e s e s bnsas e e e e seeeeeaaaeaaaaaenannenes 6
1.3.1. EthaNO!l MEtABOLISM.......ccceeeeiiiee ettt e et e e ssitaa e e e ssatea e e s 7
1.3.2. Passage Of EtNANOI 10 thE FELUS.............uueeeeieeeeeeieeeiiiiieie e e e e eeeetsctteaaaaaa e e e e e esssasaseeees 9
1.3.3. Acute Ethanol aNd the BIQiN .........cc..eeeeeeeiieeeeeciiieeeeciiieeeesiiteeeessiiteaeessiaeeaessssnaaesaans 10

1.4. FASDS IN CLINICAL & PRE-CLINICAL POPULATIONS ..evvuunieeereerriieeeeereernnaeeeeesrssnaeeeseessnnineeesssssnnnns 12
1.4.1. PhySicQl FEATUIES Of FASD ..ottt e e e e ee ettt e e e e e e e e s ssssaassseeaes 12
3 2 D] o o [ [0 K] PP UPPTT PPN 13
1.4.3. ANiimal MOGEIS Of PNEE .....ccccooeeeeeeeeeee ettt e e e e e e e e ettt ctaaaaaaa e e e e e e sssssssssaeees 15
1.4.4. Neurobehavioural Consequences Of PNEE ................uueuueeieeeeeeciiciiieeeiaaaeeeeeessssissssenns 18

1.5, SEXAND THE BRAIN...cctittttttttntuttnii e ea e e e e e e e e e eeeeeeeeeetereteteteeeeesesessssanaa s e eeseaeeeaeaaaaaasaneenes 20
1.5.1. Sexual Differentiation & MatUrGLiON .............ccceceevuvvveeieieeeeeeeciiciieeeaeaaeeeeeeesscssssaees 20
1.5.2. Sex Differences in the BIQiN ............cuuuueiieeeeeeeeceiiiiieeeaaeaeeeeeesisesasaaaaaaeeeeassssssssseeens 21

1.6. THE HIPPOCAMPAL FORMATION ...uuuuuuiuaaaaeeeeeeeeeeeeeeeeeerereeeeeeeeeeesesesssnananaasaaesasaeeaaasaaaasaseenes 22
1.6.1. ANAtOMY & BASIC CIFCUILIY ...oeeeeeeeeeeee ettt te s e e e e e e e e e e aaaaaaaaaaseseennnens 22
J.6.2. COMNU AMIMIONIS e ettt s e e s e e e e e e e e e e e e eaeaaaaeeeenenanees 23
J1.6.3. DENTALE GYIUS...ceeieeeiieeeeeeeeiiee e e et taeee e e e ettt e e e e e et tte s e e s e atbaesssastataasesaesssssasssaasesans 24
1.6.4. PerfOraNt PATNS..........ueeeeeeieia e e ettt e e e ettt e e e e e e e e e ettt aaaaaeeeeeasssssssssaeens 27
1.6.5 Hippocampal DEVEIOPIMENT...............uuuveeeiieeeeeeeececiieeete e e e eeeeeecctaetaaaa e e e e e e ssssssseeaas 28

1.7. HIPPOCAMPAL SYNAPTIC PLASTICITY 1eueaeeeeeeeeeeeeeeeeeeeeeeeeteeeteteeeeesesesbnnan s s e s e s e seeeaeaaaeaananennes 29
1.7.1. PQIred PUISE PIASTICITY ....vvvveeeeeeeeeeeieeeteee e ettt e e e e e e e e ettt aaaaa e e e e e e sssasssssaeees 30
1.7.2. Post Conditioning SAOrt-Term PIAStICItY ...............uuuveeeieeieeeeeeeiiciiiieieeea e e e eeecc v 31
1.7.3. LoNg-Term POtENTIATION ...........ceeieeeiiiiieesieeiiee ettt e et tttee e e e e e ttsse e e e e e eaaaeseeaaeeaans 32
1.7.4. LONG-TEIM DEPIESSION ....cccvvveveeeieeeiiieeee s eeeiaeee e e e eetse e e e e e ettsse s s e e s tatsasesasessssaasssaasesans 36
1.7.5. DEPOLENTIATION . ....cccevveeeeeeeeeieee ettt ettt e e ettt te e e e e et ttse e e e e ettt saeesaeettsaasesaaaenans 41

1.7.6. Involvement of Synaptic Plasticity in Learning & Memory ..........cccccueeeeeeeeeccecivvvnnnnn. 43



1.7.8. A Dynamic Range of Synaptic PIASTICItY .........cccccuuuuveeeieeieeeeeeeiiciiiiieieeaeeeeeessccasvveeans 44
1.7.9. Impact of Sex Hormones 0N PIASTICITY..........cceeeeeiiieiiiaeaeeeeeeeccciiieeeaeaa e e e e e essecasavaeas 44
1.8. THE PNEE HIPPOCAMPUS. ...cetttititiieeeeee e e e e e e e e e e e e e e e e e ee e e et teteteeebe bbb bbb s s e e s e s e e e aeaaaaaaaaneneen 46
Ju8.0. SEIUCTUIE .ottt e e e s e e e e e e e e e e e e eaaaaaaeaeeeenenens 46
1.8.2. Function; Learning & MEMOIY ............ccoueeeeeeeeeeeeeeeeettte sttt eteaeaeeeaeaaaaaaaaaaasasarenennens 47
1.8.3. FUNCtion; SYNAPLIC PIGSTICITY ....cc.eeeeeeeeeeeieee ettt ee ettt a e e e e e e e s sassaaeeas 50
1.9 CURRENT PROJECT AIMS ..cettttttntununnuiuiaaaaaeaaaeeeeaeaeeeeeeterereseteaeeeeesessssssnnnnaassnsssasesesaesasasaaaasaseenes 53
2.0 MATERIALS & METHODS ........oieeeccccereetennrccccnerece e e s ssc s ssnnseeeeesssessssnnneessaneas 56
2.1 ANIMALS & BREEDING . cetttettteiiuuiuttttteeteeeeeesaaautteteteeeeeeeesaaaausesbetteeeeeesesssaansssesaeeeeeaessssanannnrnnes 56
D O Vo 1 1o | KRR 56

D A - T =TT [ o F U UUPPRRt 56
2.2 PRENATAL DIET TREATIVIENTS ... ieiieeeeeeeeteeeeeeeteeeetteeeseseesss s s s e s e s e e e e e eeaaaeeeaeseeseseseeeenensessnennnnnn 57
2.3 LITTERS & WEANING ..ccttttteeteiiititttteeeeeeeeesaee ettt bttt e eeeeessesaaaatsbteteeeeeeeeesaannsbbeaaeeeeeaeeesaanannrenes 58
A N o (0] 1A (0] W) 58
2.4.1 S51iCE PrePAIQLION ......cc.eeeeaaae ettt a e e e e e et ettt ettt e e e e e e e s e s sstassssasaaaaeeeeassssnes 59
2.4.2 RECOITINGS ..vvvveeieeeeee ettt e e e e e ettt e e e e e e e e et e sttt sttt aaaeeeaaessstsssssasaaaaeeaessssssses 59
2.4.3 Conditioning Stimulus ProtOCOIS ...............uuveveeiieeeeeeeecccciiietiee e e eeeestccavvaaaaaaeeeeesesaans 61
2.4.4 Drug INFOrMQLION .....ccoeieeeeeee ettt e e e e e e ettt e e e e e e e e s ssstatsssaaaaaaeeeesssssnes 61
2.4.5 Data &StatiStiCOl ANGIYSES ......oeeveeeeeeeeeeeeee ettt e e e e e e e ettt aaaaaaeeeeesssanns 63
3.0 RESULTS...ccuuuiiiiiiiiiiinennnsssieesiiietnnnssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssnnnnsss 66
3.1 DEVELOPMENTAL DATA Lottt ettt s s e s e s e e e e e e e e e aeeeaeeeaeareeeeeaneeeenennnnnnan 66
3.1.1 Ethanol Liquid Diet CONSUMPLION.............uveveeeieeeeeeeiesiiiiiieeteaaaeeeeeessscissesesasaaeesassssianns 69
3.2 BASIC ELECTROPHYSIOLOGICAL PARAMETERS. ..ccvtttrrrrrereununuuunnanaaasasaaaaaaeaaaeeeaeeeerereeeemeeeesensnsnnnnns 69
3.3 LONG-TERM POTENTIATION ..eeeeieeieeeeieieteeeeeteteeteeresesessssaaa s seseseaeeeaaaaaeaeaeeeesereneeeennnsnnsnsnnnnnn 71
3.3.1 Long-Term Potentiation in MGAIES ..............ceueeeeeeeeeeeesiciiiieiiaae e e eeeesccciaeeeaaaaaeeeeesssans 71
3.3.2 Long-Term Potentiation in FEMQIES ..............cuuueeeeeeeeciiiiiiieiiaaeeeeeeeeccciiivseaaaaaeeeeesssinns 73
3.3.3 MECRAANISIN Of LTP....eeeeeeee ettt e e e e e e ettt e e e e e e e e e sstassasaaaaaaeeaesssssnes 74
3.3.4 Cumulative Probability of the Impact of PNEE on Long-Term Potentiation................ 76
3.3.5 Maximizing Long-Term POtentiQtioNn ...............couuuuueeeiieiiiiiiieesieeiiiiieeeeseeiiiieeseeseeisieens 76
3.4 LONG-TERM DEPRESSION ...uiieeieieeeeeeeeeieeeteetteteeteeeeseseessna e a s e s e seeeeaaeaaaeeaaeseesereseesenessesensnnnnnn 80
3.4.1 Long-Term Depression Elicited by LFSopg in MQles............ccceuueeeeeeeeecciiivviiiiaaeeeeescinns 80
3.4.2 Long-Term Depression Elicited by LFSopg in FEMQIES .........ccuvvveeeeeeeciiiiiiiaaaaeeeeescas 81
3.4.3 Cumulative Probability of the Impact of PNEE on Long-Term Depression................... 83
3.4.3 The Search for the Mechanism of Long-Term Depression Induced by LFSggp............... 83
3.4.4 Long-Term Depression Elicited by LFS1g00 in MQIEs ...........ccouueeeeeeeeeeciiiiiiiieaaaeeeeeicinns 94
3.4.5 Long-Term Depression Elicited by LFS1g9p in FEMQIEs..........cccceeeeeeeecccivevviiaaaaeeeeeicenn, 95
3.5 DEPOTENTIATION ...uuuuuaaeeeeeeeeeeeaeeeeeaeetetereeeteeeeeessesesensnnanaa e seaesaeeasasaeeeseseesereseeeenssssnsnsnnnnnn 97
3.6 THE IMPACT OF PNEE ON THE DYNAMIC RANGE OF SYNAPTIC PLASTICITY «oeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeee 99
4.0 DISCUSSION ... .citiiiunniieniiiitieannsssisestitesmssmsssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssnsssssns 102
4.1 SUMMARY OF MAUJOR FINDINGS ........cooeeirieieiiieietiee et eetree e e et e et e eeareeeearee e 102
4.2 THE EFFECT OF PNEE ON INPUT-OUTPUT CURVES ........c.oooooviieeveeeetree e 102
4.3 MALE & FEMALE LTP IMPAIREDBY PNEE .............cccooiieee e, 103
4.3.1 Damage to the NMDAR by Prenatal Ethanol..........................ccccccocvenennee... 104
4.4 SEX-SPECIFIC IMPAIRMENT IN THRESHOLD FORLTD.........ccovveiiiieeeceeceeee, 105
4.4.1 NMDAR-Independent LTD inthe DG....................ccccoeeeiveceeieeeeseeeen, 106

4.4.2. Involvement of @CBS iN DG LTD ... 107



4.4.3. Damage to the eCB System by Ethanol....................c.cccccoovnvvincnenencnne. 111
4.4.4 Depotentiation unaffected by PNEE ...................ccccooooimivininiiisenesenene 112

4.5 PROPOSED MECHANISM FOR BIDIRECTIONAL SYNAPTIC PLASTICITY DEFICITS
FOLLOWING PNEE ...........oooee ettt et e s ae e e aae e s nt e e areas 112
4.6 WHY DOES PNEE RESULT IN SEX DIFFERENCES IN DG SYNAPTIC PLASTICITY? ..cevviiiiieeriireeree e 113
4.7 THE PROBLEM WITH PAIR-FEEDING ..........cccoctiiiiiiieciieecieeeee e eitee e e nve e 115
4.8 PUTATIVE THERAPIES FORFASD ..ottt 115
4.9 LIMITATIONS......ooiiiiiiiiiieeitieertteeesteeestteeereteeesateeassteeassseeesseeasseeesseeasseeeasseeasseeannseeennes 117
4.10 FUTURE DIRECTIONS........coiiiiiiiiiieeiieeeiiee ettt e estteseseteeessaeeasseeassseesssessssseesssesesssessnnns 118
4. 11 CONCLUSIONS ......ooiiiitieciie et e stee ettt e teeetteeste e st e e beesabe e beestbeebeestseenteestaeesbeessaessreeseesens 123
BIBLIOGRAPHY ...ccoiiiiiiiiiiiinieiiiineiiinte st sssane s ssssast e s sssss e s ssssss s e ssssasnesssssssesssssssnesssssnsess 125
APPENDIX A — SLICE NS ...ttt sss s ssss s sssssssssessseeses 164
APPENDIX B - THE IMPACT OF PAIR-FEEDING ON DG LTP AND LTD ....cceivinurersissunenssssaneesisnns 166

APPENDIX C—SUPPLEMENTARY CUMULATIVE PROBABILITIES OF SYNAPTIC PLASTICITY ...... 177



vii

List of Tables
Table 1. Summary of 2015 Diagnostic Guidelines of FASD in Canada................ 15
Table 2. Maternal Weight Gain During Gestation ..............ccccoeoiviiiievicciecieieee 66
Table 3 Offspring NUMDEIS ..........ooviiiiiieee e 67
Table 4. Offspring Weight Gain ............cccoeiiiiiiieiceeeeeeee e 67
Table 5. Number of control offspring SliCes ..........cccoeevevieciiiiciee, 164
Table 6. Number of ethanol offspring SliCes .........ccceoevieieiice, 164
Table 7. Number of slices used for pharmacological blockade experiments .... 165
Table 8. Maternal weight gain during pair-feeding ...........ccccccovvveviecinieceeieee. 168
Table 9. Postnatal offspring weights after pair-feeding........c..ccccccoeevevieirnienennnn. 168
Table 10. Average STD and LTD in Pair-Fed and Control Male Offspring........ 173

Table 11. Average STD and LTD in Pair-Fed and Control Female Offspring... 174
Table 12. Slice Ns in pair-fed experiments ...........c.cccccoeeveevieciiccicceee e, 175



viii

List of Figures

Figure 1. Prenatal Brain and Hippocampal Development .............ccoeeveeiienieniienieenieenen. 6
Figure 2. Ethanol Absorption, Metabolism & Passage to the Fetal Compartment............. 8
Figure 3. Acute Ethanol & The Cell........cccooiiiiiiiiiiiiiiieeeeseeee 11
Figure 4. Simplified Hippocampal Circuitry. .......cceecieriieiiieniieiieeie et 23
Figure 5. Inputs to DG Granule Cells. ........cccoeoieriiriiiiiniiiieenieeceeeeee e 24
Figure 6. Paired Pulse PlastiCity. ........ccccoviiiiiriiiniiiiiierieieeeeeeeeseeeee e 31
Figure 7. Simplified Mechanisms of NMDAR-LTP .......cccceoiviiiniiiiniinieieneneeiene 35
Figure 8. Simplified Mechanisms of NMDAR and mGIuR LTD. .....c.ccccceviniininnnnnene 37
Figure 9. Plasticity-Related Phosphorylation Sites on the AMPAR..........cccccooveniniennnene 39
Figure 10. GluA1 Phosphorylation States in Bidirectional Synaptic Plasticity............... 42
Figure 11. Experimental timeline ...........cccccevuieiiniiiinienieecieseeeee e 57
Figure 12. In vitro slice electrophysiology preparation timeline..............ccceeeevveenieennnnnn. 58
Figure 13. Electrode placement in the juvenile dentate gyrus for in vitro
electrophysiological TECOTAINGS. ......ccueiiiiiiieiiieiieeie e 61
Figure 14. Electrophysiology protocol timelines. ..........coceevveevuerieneriienieneeieseeseeieene 63
Figure 15. Average offspring weight Sain .........c.ceoevvierieniieiinienecieeeeeeeeese e 68
Figure 16. Paired Pulse Plasticity is Unaffected by PNEE............ccccooviiiinnininiiee 70
Figure 17. PNEE Results in Changes to the Input-Output Curve only in Males Without
GABAA BIOCKAAE. ..o 71
Figure 18. Short- and Long-Term Potentiation in Males Following PNEE .................... 72
Figure 19. Short- and Long-Term Potentiation in Females Following PNEE................. 74
Figure 20. The Impact of NMDAR Blockade on LTP ........cccccocieviiiiiniiiiiiiiiiniice 75

Figure 21. Cumulative Probability for LTP in Males and Females Following PNEE .... 76
Figure 22. Multiple High Frequency Stimulation-Induced Long-Term Potentiation in

Males FOllowing PNEE. .......cooiiiiiiiiiiiieeeeee sttt s 78
Figure 23. Multiple High Frequency Stimulation-Induced Long-Term Potentiation in
Females FOLlowing PNEE............cooiiiiiiiiiiiiciee ettt et ens 79
Figure 24. Short- and Long- Term Depression in Males Following PNEE.................... 81
Figure 25. Short- and Long- Term Depression in Females Following PNEE.................. 82
Figure 26. Cumulative Probability for LTD in Males and Females Following PNEE.... 83
Figure 27. The Impact of NMDAR Blockade on LTD........cccccocieviiiiiniininiiiiicncciee 85
Figure 28. The Impact of mGIluRs Blockade on LTD ......cccccccevieniiiiiniiniiiiiicceieee 86
Figure 29. The Impact of LTCC Blockade on LTD .....ccccoeeiiiiieniiiiiniiieieceneeiee 87
Figure 30. The Impact of Simultaneous Blockade of NMDARs, mGluRss and LTCCs on
LTD ettt ettt ettt saenae 88
Figure 31. The Impact of Tat-GluA23y on LTD....cccooiiiiiiiiiiniiiieeeeeeeeee 90
Figure 32. The Impact of CB1 Receptor Blockade on LTD........ccccecueviiniiniiniininniennene 91
Figure 33. The Impact of Blockade of Both CB1 Receptors and mGluRss on LTD....... 93
Figure 34. Prolonged Low Frequency Stimulation-Induced Long-Term Depression in
Males FOllowing PNEE ........ccoooiiiiiiiiiee ettt ettt et ens 95

Figure 35. Prolonged Low Frequency Stimulation-Induced Long-Term Depression in
Females FOLlowing PNEE..........cccooiiiiiiiiiiiee ettt ettt ens 96



Figure 36. Depotentiation in Males Following PNEE .........c.ccccccooviiiiniininnininiiiene 98
Figure 37. Depotentiation in Females Following PNEE .........c..cccccooiiiiniinininiiene 99
Figure 38. Summary of Impairments to Bidirectional Synaptic Plasticity Following

PNEE in Males and Females..........cccccoeiinininiiiniiiiiccceneseeeeeeeeee e 100
Figure 39. Putative mechanism for long-term depression in the juvenile DG............... 109
Figure 40. Average offspring weight gain following pair-feeding........c..ccoceevuervennennne. 170
Figure 41. Short- and Long-Term Potentiation Following Pair-Feeding in Males........ 171
Figure 42. Short- and Long-Term Potentiation Following Pair-Feeding in Females.... 172
Figure 43. Short- and Long-Term Depression Following Pair-Feeding in Males......... 173
Figure 44. Short- and Long-Term Depression Following Pair-Feeding in Females ..... 175
Figure 45. Cumulative Probability for LTP Blockade by DL-APV .......cccccoviiviinneenne. 177
Figure 46. Cumulative Probabilities for Multiple HFS LTP ........cccccoeviniininiiniienne. 178
Figure 47. Cumulative Probabilities for LFSig00 LTD..c..ooveviiviiniiniiiiiicieeieeeeee, 178
Figure 48. Cumulative Probabilities for LTD Blockade Experiments .............ccccu.ee.... 179



2-AG
ACPD

aCSF
ADH
AM251

AMPAR
ARBD
ARND

BEC
BIC

CA
CaMKII
cAMP
CB1

CNS
CO2

CREB

CS
CYP2E1
DAG
DG

DHPG
DL-
APV
EC
eCB
EDC
ERa
ERB

List of Abbreviations

2-arachidonoyl-glycerol
1-amino-1,3-
dicarboxycyclopentane
artificial cerebrospinal fluid
alcohol dehydrogenase
N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide
oi-amino-3-(5-methyl-3-oxo-
1,2-oxazol-4-yl) propanoic acid
alcohol-related behavioural
disorder

alcohol-related neurological
disorder

blood ethanol concentration
bicuculline methiodide

cornu ammonis

calcium-calmodulin dependent
protein kinase I1

cyclic adenosine
monophosphate

cannabinoid type 1

central nervous system
carbon dioxide

cAMP response element
binding protein
conditioning stimulus
cytochrome P450
diacylglycerol

dentate gyrus

(S)-3,5-dihydroxyphenylglycine
DL-2-Amino-5-
phosphonopentanoic acid
entorhinal cortex
endocannabinoid
ethanol-derived calories
estrogen receptor alpha
estrogen receptor beta

IP3

LEC
LFS
LPP

LTCC
LTD
LTP
MAPK

MEC
mGIluR

MPEP

MPP

MWM

NAD+

NIMO

inositol triphosphate

lateral entorhinal cortex
low frequency stimulation
lateral perforant path

L-type calcium channel
long-term depression
long-term potentiation

map-activated protein kinase

medial entorhinal cortex
metabotropic glutamate
receptor

2-Methyl-6-
(phenylethynyl)pyridine
medial perforant path

morris water maze
nicotinamide adenine

dinucleotide
nimodipine

NMDAR N-methyl-D-aspartate

NT

P
pFAS
PI3K
PIP2

PKA
PKC

PLC
PNEE
PNS
PP1
PP2B

receptor
neurotransmitter

postnatal day

partial FAS
phosphoinositide 3-kinase
phosphatidylinositol 4,5-
biphosphate

protein kinase A

protein kinase C

phospholipase C

prenatal ethanol exposure
peripheral nervous system
protein phosphatase 1
protein phosphatase 2 B



ERK

FAEE
FAS

FASD
fEPSP

fMRI
GABAR
GD

HFS

I-1
1/0

extracellular signal-regulated
kinase

fatty acid ethyl esters

fetal alcohol syndrome

fetal alcohol spectrum disorders
field excitatory postsynaptic
potential

functional magnetic resonance
imaging

gamma-aminobutyric acid
gestational day

high frequency stimulation

inhibitor 1
input-output

PPP

PTP

ROS
SEM
SGZ

STD
TrK

TrKB
VGCC

paired pulse plasticity

post tetanic potentiation
reactive oxygen species
standard error of the mean
subgranular zone

short term depression

tyrosine kinase

tyrosine receptor kinase beta
voltage-gated calcium
channels

Xi



Xii

Acknowledgments

First and foremost, I have to thank Dr. Brian Christie for taking me on as a student and
fostering my growth, both personal and professional. You provided me with the
opportunity to work independently and expand my managerial and mentorship skill-sets
for which I am so grateful. During my time in your lab I have learned technical,
theoretical and communication skills that will leave a lasting impact on me for years to
come.

Thank you to my supervisory committee members Dr. Joanne Weinberg and Dr. Raad
Nashmi for your support, enthusiasm for my work and guidance as a neuroscientist-in-
training. I am inspired by the faculty in the Neuroscience Graduate Program for their
dedication and tireless passion for their research areas. Dr. Pedro Grandes, it has been a
joy getting to know you and working with you over the last 2 years of my PhD — thank
you for giving me the opportunity to help with your studies and for your positive attitude
and interest in my own work. Dr. Anna (Patten) MacDonald, you have been an amazing
mentor (personally and professionally) and have set an amazing example for me to
follow. I am so happy that I was able to learn from you and the fact that we could speed-
write a great review paper together is a testament to your abilities as a leader and an
indication that we should keep working as a team!

Thank you to other members of the Christie Lab — in particular to Cristina Pinar, my
co-author and co-conspirator, I am so glad that we were able to work together and that I
could learn from you. I am looking forward to the opportunity to keep teaming up to
accomplish any goal we set together. I wish that I could dedicate a whole page to you and
to the rest of the lab because you and the rest of the lab have truly had a significant
impact on my progression and growth. Thank you for your patience as I tried to learn
some conversational Spanish. Thank you to past and present members, Penny’s favourite
uncle - Ryan Wortman, to Melissa Clarkson for your unending jokes and for giving
Penny her favorite pal to play with, to Katie Neale for your friendship and support, to
Juan Trivino-Paredes for your calming presence and scientific input, and to Dr. Luis
Bettio for your humor and positive attitude. In the short time that I have known you, Erin
Grafe, I can already tell that you are the best student to be following up this body of
work. I am happy to know that the FASD projects are being left in great hands. Graduate
school is never easy for anyone but together your influence on me has given me the
ability to push forward and be here today. I am immensely appreciative of all of the
undergraduate students that have helped throughout this dissertation, whether it came to
making diet, helping with litters, making solutions and helping run slices, I could not
have done this without your assistance. To have been a mentor to each and every one of
you has been a gift of which I am so grateful. I thank my incredible students Waisley
Yang, Angela Pang, Konrad Suesser, James Choi and Courtney Zoschke. I hope that our
experience together has helped you accomplish your goals and I am so proud of each of
you. Thank you for also putting up with my, at times embarrassing, enthusiasm at your
defenses and poster presentations.



Xiii

My female academic mentors have always been a source of strength and support for me
over the last 5 years. I would never have had the confidence to branch out and pursue
graduate school so far away from home if it weren’t for the unparalleled mentorship of
Dr. Qi Yuan. You facilitated my passion for neuroscience and your advice and
encouragement have picked me up at the darkest of times and you are my inspiration. I
hope that I can follow your example and help the next generation of students reach their
fullest potential, as you do. Dr. Christina Thorpe, you have also been a major beacon of
guidance for me for the last decade and have supported me every step of the way. From a
young, naive high school student in 2008 who would never leave the lab to a graduate
student and now a PhD, you have always told me that I could have it all and I would
never have thought to pursue a career in science and research without your example.

My fellow students, Lena Chen & Patrick Reeson, it was a joy to work with you both
to form the Neuroscience Graduate Student Association to accomplish our goals of
improving the student experience within our program. Thank you for believing in me and
being there for me as friends, co-executives and collaborators.

My time in graduate school has also been significantly facilitated by the diligent work
of our past and present administrative staff, Karen Myers, Erin Gogal, Evelyn Wiebe and
Sara Ohora. I am grateful for being able to lean on each of you for help throughout my
PhD. Thank you to the laboratory of Joanne Weinberg, and Parker Holman in particular
for your advice and for your partnership. It has been so helpful to have been able to trade
diet back and forth between our laboratories. Thank you also to Lidong Li and the
laboratory of Yu Tian Wang for your guidance and generous donation of the Tat-
GluA2;y peptide used in the latter experiments of this dissertation.

My parents and the rest of my family have always been the most amazing cheering
section to have on my side over the course of my education. Our family text, phone and
email network run by my mom made sure that every piece of good news was
disseminated to my extended family within hours, and your encouragement and praise
have kept me going when I was struggling the most. Mom, thank you for chatting with
me in the late evenings Newfoundland-time to talk about my day and dad for not being
too upset that I didn’t want to become and engineer. A special thank you also to my
second mom, aunt Bren for your unwavering support from home and to my PEO sisters
for acting as my adopted aunts and moms here in Victoria.

Finally, I could not have made it to this point without your support, Ryan. On the
hardest days (after 14+ hours of failed ephys) you were there to encourage me to keep
pushing forward and have been my pillar when I have been studying away from friends
and family. I couldn’t ask for a better partner in life (and dog dad) and look forward to
everything else that we can accomplish together. Penny, although you can’t read this,
thank you for keeping me active and for your snuggles at the end of long days. Thank you
to the Clarks for welcoming me into your family, praising and encouraging me and
making me feel at home while I am away from my family.



X1V

Dedication

This body of work is dedicated to the legacy of groundbreaking women scientists that
have come before me and empowered the next generation to pursue their interests in
science without trepidation.

This dissertation is also dedicated to the memory of Jessica McErlean, my first
trainee/mentee. I am grateful for our time together as your mentor in the lab, running rats
through the various mazes, and especially while we worked together with Women in
Science and Engineering Newfoundland and Labrador to advance opportunities for other
girls in science and engineering. I will always remember your enthusiasm and how you
applied your scientific mind to your creative goals, whether it be learning ukulele,
practicing your art or becoming a rock climber. Your positivity, drive, adventurous spirit,
selflessness and genuine curiosity-driven mind continue to be an inspiration to me and to
your peers.

Jessica McErlean’s life was tragically cut short in a rock climbing accident in Flatrock,
Newfoundland August 21%, 2015.



1.0 Introduction

This chapter is based in part on the following review papers:

Pinar C*, Fontaine CJ*, Trivino-Paredes J*, Lottenberg CP, Gil-Mohapel J & Christie
BR (2017) Revisiting the flip side: Long-term depression of synaptic efficacy in the
hippocampus. Neuroscience and Biobehavioral Reviews 80, 394-413.

Fontaine CJ*, Patten AR*, Sickmann H, Helfer J & Christie BR (2016) Effects of pre-
natal alcohol exposure on hippocampal synaptic plasticity: Sex, age and methodological
considerations. Neuroscience and Biobehavioral Reviews 64, 12-34.

Patten, AR*, Fontaine CJ*, & Christie BR (2014) A comparison of different animal
models of fetal alcohol spectrum disorders and their use in studying complex behaviors.
Frontiers in Pediatrics 2(93).

1.1 Fetal Alcohol Spectrum Disorders; An umbrella of dysfunction
Alcohol-related developmental disorders are among the most common

preventable disorders in North America. They were first termed fetal alcohol syndrome
(FAS) in the early 1970s (Jones et al., 1973; Jones and Smith, 1973), although there is a
French study from 1968 (originally published in Ouest Medical (8)476-482, translated in
English and republished in the early 2000s) that associated heavy alcohol consumption
with facial dysmorphologies, growth retardation and psycho-motor abnormalities
(Lemoine et al., 2003). During this initial period, further studies of alcoholic mothers
began to associate prenatal alcohol consumption with the impairments described above
and continued to contribute to the understanding of FAS (Jones and Smith, 1975;
Mulvihill et al., 1976; Ulleland, 1972; Ulleland et al., 1970), despite disbelief and
criticism surrounding the idea that a compound as common as alcohol could have such
detrimental effects that had gone unnoticed until this time. As a result of this work, In the
1980s the United States Surgeon General released a warning regarding the consumption
of alcohol during pregnancy. Over the next 20 years the understanding of the teratogenic
effects of alcohol underwent a significant evolution and is now recognized to lead to a
spectrum of disorders. As of 2005, following a public release from Vice Admiral Richard
Carmona, the U.S. Surgeon General

(https://www.cdc.gov/ncbddd/fasd/documents/surgeongenbookmark.pdf) at the time,
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pregnant women are advised not to consume alcohol and this was accompanied by the
statement that no amount of alcohol during pregnancy is considered safe, which is the
standing public message across North America. Despite this message and decades of
efforts directed at prevention, alcohol consumption during pregnancy, and the diagnosis

of FASD persists.

Currently, nearly half a century after the initial work of Jones, Smith and their
colleagues, alcohol consumption during pregnancy is known to lead to the umbrella term
fetal alcohol spectrum disorders (FASD), which describes the structural and functional
damage caused by alcohol exposure in utero and encompasses conditions from FAS, the
most severe form, to the less severe partial FAS (pFAS), alcohol-related
neurodevelopmental disorder (ARND) and alcohol-related birth defects (ARBD)
categories. While the facial dysmorphologies classically associated with FAS are
important for accurate diagnosis across FASD, as we will see, it is possible for offspring
to present with central nervous system (CNS) defects but without the obvious physical
malformations necessary for diagnosis (see (Astley, 2012; Benz et al., 2009; Coriale et
al., 2013) for review). The effects of prenatal ethanol exposure (PNEE) on the CNS can
be widespread affecting neuroanatomy and neurophysiology, leading to a wide range of
possible impairments in motor skills, cognition, language, academic achievement,
intelligence, learning and memory, attention, executive function including impulse
control and hyperactivity, affect regulation and social skills including social
communication and adaptive behaviour (Guerri et al., 2009; Hannigan and Riley, 1988;
Mattson and Riley, 1998; Riley et al., 2011; Riley and McGee, 2005). The presence and
degree of impairments in these neurobehavioural domains varies across the spectrum of
FASD as a result of variability in a number of factors including how much alcohol was
consumed, when it was consumed, pattern of consumption, maternal nutritional status,
other drug abuse (nicotine, opioids, etc.), maternal health status, and genetic
predispositions among others (Benz et al., 2009; May and Gossage, 2011). Clearly these
pervasive impairments have the capacity to affect an individual’s personal and
professional life and well-being possibly throughout the lifespan and with the capacity to

affect future generations of offspring. In humans there are many unique challenges
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associated with the study of FASDs including the variability that results from the factors

described above in addition to social pressures and stigmas against mothers that impact
diagnosis which then has downstream effects on estimates of prevalence and our
understanding of the human condition across the wide spectrum of this disorder. The
following sections will briefly describe relevant CNS effects of FASD for this

dissertation.

1.1.1 Prevalence
Assessing instances of FASDs can be challenging due to the range and variability

of the disorder and its symptoms which can be attributed to differences in the amount,
timing and pattern of alcohol consumption during pregnancy. Furthermore, the influence
of societal norms and stigmas on new moms can inhibit the likelihood of reports of
alcohol consumption during pregnancy, which as we will see is a critical component of
diagnosis for FASDs. In addition, many of the behavioural effects associated with FASD
are common to other neurodevelopmental disorders, and without maternal confirmation
of alcohol consumption or the salient facial features it can lead to reduced rates of
diagnosis. Despite these factors, and the recommendations against alcohol consumption
during pregnancy, the rate of FASD diagnosis in North America has been estimated to be
between 1-5% of births, which equates to more than 300,000 cases in Canada alone,
although for the reasons described above, this number may be an underestimate (May et
al., 2018; Popova et al., 2017). In fact 48% of pregnancies are estimated to be unintended
in North America in women aged 15-44 and recent survey data has indicated that
approximately 50% of women aged 15-44 consume alcohol with reports of ~23% binge
alcohol consumption (Ahrnsbrak et al., 2016; Moos et al., 2008; Singh et al., 2010). In a
2011 survey, ~10% of women in Canada reported consuming alcohol while pregnant
(Walker et al., 2011). To complicate matters, many women are unaware that they are
pregnant, particularly in the case of unintended pregnancies for the early gestational
period and may still be consuming alcohol during this time (McCormack et al., 2017;

O’Leary et al., 2010a, 2010b).

Certain populations have emerged as having higher reported rates of FASDs than
others. For example South Africa has one of the highest rates of FASDs in the world,
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with a reported incidence of upwards of 10% of births being associated with FASD (Benz

et al., 2009; Cook et al., 2016; Popova et al., 2017). The direct and indirect healthcare
costs of the most severe form of FASD, FAS, were estimated at $6.7 million in Canada
almost a decade ago (Popova et al., 2012). This cost estimate reflects only a small portion
of the likely cost of the entire spectrum of FASD which can include healthcare costs
associated with diagnosis, specialist time for therapies and assessments, costs associated
with potential hospitalization or with incarceration and rehabilitation. As such, while
FASD may be considered preventable, the prevalence and cost of this spectrum of
dysfunction is of paramount importance in our society. Despite having equal likelihood to
be exposed to alcohol prenatally, there is emerging evidence of sex differences in some
of the effects of FASD. A recent study of the prevalence of FASD in Alberta found 1.4
times higher prevalence of FASD in males over a 10 year study (Thanh et al., 2014).
Furthermore a study from Washington state found that young males were more
predominant among those affected by mild or severe ARBD, although no sex differences

existed in cases of the more severe FAS (Astley, 2010).

1.2. Early Brain Development
To understand how alcohol can impact development, one needs to appreciate the

progression of developmental milestones in utero. Human and rodent development
understandably occur on very different timescales, and one important distinction is
prenatal development where human gestation is approximately 38-40 weeks in duration
while rat gestation is three weeks long (~21-22 days) with the first postnatal week being
considered the third trimester equivalent of development. Some of the major steps in the

development of the CNS will be described below and are depicted visually in Figure 1.

Prior to the development of the CNS, gastrulation occurs which is the formation
of three germ layers, the endoderm, that will later form the lining of the gut and internal
organs, mesoderm, which forms the musculature, skeletal and circulatory systems and the
ectoderm that will eventually for the skin and CNS (Rice and Barone, 2000; Rodier,
1995; Seely, 2000; Spear, 2000). The formation of three germ layers is attributed to
triploblasts and is common amongst all vertebrates. Neurulation follows this process,

which begins with the development of a small invagination in the ectoderm called the
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primitive pit which elongates to form the primitive streak that is visible in humans around
gestational day (GD) 18. Beneath these obvious physical features of the ectoderm, there
is a thickening of mesodermal cells that will form the notochord, a defining characteristic
of all chordates. The notochord is a critical component of embryology as it, along with
the primitive streak, initially define the rostral-caudal axis along the midline of the
embryo and play roles in releasing inductive signals that help differentiate between
various cell populations. Despite the importance of this structure in patterning the early
nervous system, its existence is transient in most vertebrates but is retained in more
primitive organisms such as lamprey, hagfish and coelacanth (Shimeld and Donoghue,
2012). The portion of the ectoderm that overlies the notochord is called the
neuroectoderm, and its cells become neuroectodermal precursor cells. These cells then
form the neural plate, whose edges fold inward to form a tube-like structure that closes
around GD 22-24 in humans and GD 10-11 in rats, and is called the neural tube, that will
then give rise to the CNS and much of the peripheral nervous system (PNS). Proximity of
various aspects of the closed neural tube such as the notochord, somites, and sensory
ganglion help pattern the stem cells of the neural tube and define cellular populations that

will further develop into various aspects of the nervous system.

The brain itself begins as having three major regions, or vesicles, the
prosencephalon (to become forebrain), mesencephalon (to become midbrain) and
rhombencephalon (to become hindbrain) by GD 26 in humans and GD 10-11 in rats.
Followed by a five vesicle stage where the prosencephalon gives rise to the telencephalon
and diencephalon and the rhombencephalon gives rise to the metencephalon and
myelencephalon around GD 33 in humans and GD 11-12 in rats. Throughout and
following this process neurogenesis, proliferation, migration, differentiation,
synaptogenesis, apoptosis and myelination occur to finally complete the development of
the CNS and PNS (See Figure 1) (Rice and Barone, 2000). While the majority of these
processes occur prior to birth in humans and rodents, synaptogenesis, apoptosis and
myelination persist until, in some structures, adulthood. Importantly, the first postnatal

week in rats is considered the third-trimester equivalent and has commonly been
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described as the ‘brain growth spurt’ where many structures undergo the final stages of

maturation (Johnson and Goodlett, 2002b).
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Figure 1. Prenatal Brain and Hippocampal Development

The approximate human and rat gestational lengths are depicted in the tricoloured bars above
with the first trimester in green, second in blue and third or third-trimester equivalent in purple.
Aside from differences in the length of gestation an important distinction between human and rat
gestation is that the first 10 postnatal days are considered the third-trimester equivalent of
development. The grey bars and arrows below depict major developmental events and their
relative timecourses in the rat. The curves represent principal cell generation in the CA region
(orange) and DG (yellow) with peak pyramidal cell formation around GD 15-16 and peak granule
cell development around P7. By birth, it is estimated that only 15% of granule cells have formed

in the DG. Abbreviations: CA: Cornu Ammonis; DG: Dentate Gyrus; GD: Gestational Day; P:
Postnatal Day.

1.3. Ethanol

Finally, in order to appreciate how ethanol leads to the structural and functional
deficits associated with FASD we must describe the pathway by which ethanol enters and
is metabolized by the body of the mother and can reach and be cleared from the embryo-
fetal compartment. Naturally, there is some variability in each of these elements that will

lead to the variability that exists across the spectrum of FASDs.



1.3.1. Ethanol Metabolism
Ingested ethanol enters the bloodstream primarily via passive diffusion in small

intestine and the stomach (Figure 2A). Once in the bloodstream, ethanol metabolism,
primarily by the liver occurs (Figure 2B), either via oxidative or non-oxidative processes
(Zakhari, 2006) whose actions are interrelated. Ethanol can also be metabolized by
extrahepatic structures such as the stomach and the brain (Deitrich et al., 2006; Zimatkin
and Deitrich, 1997). Once consumed, the blood ethanol concentration (BEC) rises
steadily as ethanol enters the bloodstream and is metabolized. The degree of damage
caused by ethanol is generally attributed to the level, duration and pattern of elevations of
BEC therefore rapid metabolism is key to mitigate the impact of this compound on the

body.

The majority of ethanol metabolism in the body occurs via the oxidative pathway
(Figure 2B) which generally consists of either adding oxygen or removing hydrogen.
Ethanol metabolism has been reviewed extensively in the literature but is described in
brief below (Zakhari, 2006; Zimatkin and Deitrich, 1997). Alcohol dehydrogenase
(ADH) is an enzyme present in the cytosol of hepatocytes and converts ethanol to
acetaldehyde which involves nicotinamide adenine dinucleotide (NAD') as an
intermediate electron carrier that is reduced to NADH. Even through this well-described
mechanism, metabolism rates vary between individuals based on genetic variants in ADH
that can be more or less active in addition to a number of factors including general health,
nutrition, pattern of consumption among others (Chen et al., 1995; Weinberg, 1985b;
Zakhari, 2006). The byproduct of this metabolism, acetaldehyde, is in and of itself highly
toxic and reactive and has been thought to contribute to the teratogenic effects of ethanol
and possibly to its addictive qualities (Hayashi, 1991; McBride et al., 2002; O’Shea and
Kaufman, 1979; Quertemont, 2004; Webster et al., 1983). Acetaldehyde is then
metabolized by aldehyde dehydrogenase (ALDH) in mitochondria to form NADH and
the byproduct acetate which is oxidized to carbon dioxide (CO,) primarily outside of the
liver. Cytochrome P450 (CYP2E1) also contributes to ethanol metabolism at high

concentrations in the liver and in the brain where ADH levels are low by acting in
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microsomes on the endoplasmic reticulum of cells. Ethanol metabolism by CYP2E1

produces reactive oxygen species (ROS) that lead to subsequent cellular damage.

Metabolism of ethanol can also occur through non-oxidative pathways, although
non-oxidative metabolism is less responsible for the breakdown of ethanol in the body,
the by-products of this method of metabolism can be deposited in different tissues and
cells in the body and can assist in the accurate diagnosis of FASDs. First, by interacting
with the enzyme fatty acid ethyl ester (FAEE) synthase, FAEEs are produced that can be
deposited in keratenized tissues such as hair and fingernails long after the ethanol
exposure has ended. Additionally, FAEEs can be detected in meconium, the first bowel
movement of the baby at or after birth, and can aid in accurate diagnoses of FASDs for
the offspring (Bearer et al., 2005; Burd and Hofer, 2008; Caprara et al., 2006). At higher
ethanol concentrations the enzyme phospholipase D (PLD) metabolizes ethanol to
produce phosphatidyl ethanol, which is poorly metabolized by the body. The metabolism
of ethanol by PLD detracts from its normal physiological function which involves the

production of phosphatidic acid, which plays an important role in cell signalling.
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Urination & Persperation
2-10% absorption

NAD NADH

Placenta

Liver
~90% metabolism
minimal EtOH metabolism

Stomach
~20% absorption

Umbilical Cord
EtOH supply & removal

Fetus

Fetal urine & breathing
Dermal diffusion

Small Intestine /] (\‘[/
~80% absorption / / \\

Figure 2. Ethanol Absorption, Metabolism & Passage to the Fetal Compartment.

(A) Ethanol is primarily absorbed from the stomach and small intestine, at which point it freely
enters the bloodstream and can diffuse in and out of tissues with relative ease prior to metabolism
by the liver. (B) The liver conducts most of the ethanol metabolism for the body. Depicted above

EtOH supply from maternal blood

Excretes EtOH into amniotic fluid
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is one of the oxidative pathways of ethanol metabolism, where alcohol is converted to
acetaldehyde and then to acetate via enzymatic activity of alcohol dehydrogenase (ADH/ALDH).
(C) When ethanol is consumed during pregnancy, it can diffuse freely through the placenta and
into fetal blood and amniotic fluid. The fetus is incapable of significant ethanol metabolism until
late in gestation, thus ethanol can become trapped and can diffuse into the fetal skin and through
amniotic fluid consumed during fetal breathing, then excretion back into the amniotic sac.
Ethanol in the fetal blood and amniotic fluid is gradually removed via maternal blood, thus levels
of this teratogen remain elevated in the fetal compartment longer than in maternal blood alone
(Burd et al., 2007b; Heller and Burd, 2014). Abbreviations: ADH: Alcohol Dehydrogenase;
ALDH: Aldehyde Dehydrogenase; EtOH: Ethanol; NAD: Nicotinamide Adenine Dinucleotide;
NADH: Reduced Nicotinamide Adenine Dinucleotide.

1.3.2. Passage of Ethanol to the Fetus
Despite having interrelated and overlapping mechanisms by which the body can

metabolize ethanol, this compound circulates in the bloodstream and can cause damage to
tissues around the body. This is particularly critical for pregnant women, who via the
placenta share a blood supply with the developing fetus which is unable to metabolize
teratogens like ethanol until late in gestation. The placenta hosts the exchange of gases,
nutrients and wastes in the labyrinth zone where the maternal sinusoid and fetal
capillaries interact which then feed into and from the developing offspring through
umbilical vessels (Bridgman, 1948; Jollie, 1990; Jones et al., 1981). The simplistic
chemical structure of ethanol also allows it to diffuse freely through cell membranes,
including those of the placenta that normally act as a barrier separating maternal and fetal

circulation.

The pre-term placenta and fetal liver have poor metabolic capacities for toxins,
allowing for ethanol to directly affect the embryofetus (Syme et al., 2004). Ethanol
metabolism for the pre-term embryofetus is almost completely dependent upon the
maternal system. Perhaps in order to account for this vulnerability, maternal ethanol
metabolism is increased during pregnancy (Badger et al., 2005; Nava-Ocampo et al.,
2004). Other maternal factors, such as poor nutrition and other drug use, such as nicotine
can exacerbate the teratogenic effects of ethanol on the fetus (Shankar et al., 2007; Syme
et al., 2004). Ethanol levels rise in the amniotic fluid at a relatively similar rate as in the
maternal blood within an hour after consumption (Iddnpdén-Heikkila et al., 1972). While

ethanol accumulates rapidly in the amniotic fluid, the fetus is exposed to ethanol long
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after ethanol has been metabolized in the maternal bloodstream because the amniotic
fluid itself can act as a sink for ethanol (Burd et al., 2012). A recent analytical review
estimated that it could take up to three hours for ethanol from a single alcoholic beverage
to be completely cleared from amniotic fluid and metabolized by the maternal system
(Burd et al., 2007b). While in the amniotic compartment or fetal blood, ethanol can freely
diffuse through fetal tissues without being broken down, including diffusion through fetal

skin prior to keratinization (20-24 weeks gestation in humans).

In addition to direct effects on the developing offspring, ethanol can impact
nutrient transport to the fetus by reducing blood flow through the placental and umbilical
cord (Falconer, 1990) or by inhibiting nutrient transport across the placenta to the fetus.
Ethanol can impact levels prostaglandin E, prostacyclin and thromboxane in the placenta
that each play a role in vasoconstriction and vasodilation of blood vessels in this structure
(Randall et al., 1996; Randall and Saulnier, 1995; Siler-Khodr et al., 2000). Ethanol can
also to cause spasms of the umbilical blood vessels in a dose-dependent fashion (Altura et
al., 1982; Savoy-Moore et al., 1989). Together the combination of these effects of ethanol
on blood circulation can also impact both nutrient access and waste removal from the
fetus and can also contribute to slow removal of ethanol from the amniotic fluid by

maternal metabolism.

1.3.3. Acute Ethanol and the Brain
With the capacity to easily diffuse across cell membranes, ethanol and has multi-

faceted effects on cell structure, health and function ((Freund, 1973) see Figure 3). Of
particular relevance to the present dissertation is the impact of ethanol on glutamatergic
and GABAergic receptors in the cell membrane. Ethanol acts as an antagonist on the
NMDAR (Abdollah and Brien, 1995; Chandrasekar, 2013; Hendricson et al., 2004;
Ikonomidou, 2000; Mameli et al., 2005; Sanna et al., 1993; Savage et al., 1991) and a
positive allosteric modulator to the GABARs (Davies, 2003; Lobo and Harris, 2008).
Presynaptic neurotransmitter release can also be attenuated by ethanol through its actions
on voltage-gated calcium channels (Mameli et al., 2005). This drug also has widespread

effects on other neurotransmitter, neuroendocrine and neurotrophic signalling systems,
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their related receptors and even on the cell membrane itself (see (Davis, 2008; Deitrich et
al., 1989; Diamond and Gordon, 1997; Goodlett and Horn, 2001; Grant, 1994;

Vengeliene et al., 2008) for review).

Inside the cell, ethanol can negatively impact cell health. Ethanol metabolism
produces ROS and induces a state of increased oxidative stress inside the cell (Guerri et
al., 1994) and increases neuroinflammation (Franke et al., 1997; Pascual et al., 2007).
Furthermore ethanol can activate caspase signalling that can initiate DNA fragmentation,
degeneration and ultimately cell death (Creeley and Olney, 2014; Olney et al., 2002a,
2002b).
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Figure 3. Acute Ethanol & The Cell

Diagram of some basic effects of acute ethanol on the cell. (A) The chemical structure
of ethanol. Its simplicity and physical characteristics allow it to move freely through
extracellular and intracellular spaces. (B) Ethanol is capable of diffusing across cell
membranes to have direct impact on intracellular signalling cascades. (C) Ethanol is a
positive allosteric modulator of GABARs. (D) Through inhibitory effects on both the
voltage-gated calcium channels (VGCCs; left) and NMDARs (right), ethanol can reduce
calcium entry into the cell. (E) Ethanol can downregulate neurotrophic receptor
expression, such as the tropomyosin receptor kinase B (TrKB), which, combined with the
effects of D lead to reduce protein kinase C (PKC) activity and the initiation of cell death
pathways. (G) Ethanol metabolism causes the production of the toxic byproduct
acetaldehyde as well as the production of reactive oxygen species (ROS), which with E
can lead to further cellular and mitochondrial damage as depicted in (F). Modified from
(Fontaine et al., 2016). Abbreviations: BAD: a pro-apoptotic protein; Ca*": Calcium; CI’:
Chloride; EtOH: ethanol;, GABAR: gamma-aminobutyric acid; NMDAR: N-methyl-D-
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aspartate receptor; PKC: protein kinase C; ROS: reactive oxygen species; TrKB:
Tyrosine receptor kinase B: VGCC: voltage-hgated calcium channel.

Acute ethanol exposure also impairs synaptic plasticity in the hippocampus, and
these plasticity impairments are thought to potentially underlie some of the effects of
intoxication on learning and memory (see (Zorumski et al, 2014) for review).
Specifically long-term potentiation (LTP) is impaired by acute ethanol exposure in both
the cornu ammonis 1 (CAl) and dentate gyrus (DG) subregions of the hippocampus in
both in vivo and in vitro preparations (Fujii et al., 2008; Izumi et al., 2005; Pyapali et al.,
1999; Swartzwelder et al., 1995). Acute exposure to ethanol also reversibly inhibits CA1
long-term depression (LTD) in rats around puberty (postnatal day (P) 30-32)(Izumi et al.,
2005) but has not been reported to enhance LTD in younger animals (Hendricson, 2002).
Another by-product of ethanol metabolism, acetaldehyde, is embryolethal (O’Shea and
Kaufman, 1979), and may at least partially mediate the effects of high concentrations of
acute ethanol on hippocampal LTP (Tokuda et al., 2013) as alone this metabolite inhibits
LTP (Abe et al., 1999). Likely related to the hippocampal plasticity and behavioural
deficits are ethanol-induced cell loss and dendritic atrophy after chronic ethanol exposure

(King et al., 1988; Riley and Walker, 1978; Walker et al., 1973, 1980, 1981).

1.4. FASDs in Clinical & Pre-Clinical Populations

1.4.1. Physical Features of FASD
As can be inferred from the preceeding sections, the impact of ethanol on the

fetus can be quite variable depending on the mothers drinking behaviour. Classic
dysmorphology associated with more severe forms of FASD can serve as diagnostic
indicators in humans, and these have been mimicked in some animal models of PNEE
(del Campo and Jones, 2017). The key craniofacial dysmorphologies in FAS include a
shorter horizontal palpebral fissure, a smooth philtrum and thin upper lip. The palpebral
fissure is the opening between the eyelids, and its horizontal value, between the
endocanthion and the exocanthion is reduced in cases of FASD, and the eye in particular
has been reported to be vulnerable to prenatal alcohol (Jones, 2011). Similarly, the

philtrum which is the vertical groove between the nose and the upper lip and significant
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smoothness of this value according to a 5 point scale can be used to diagnose children
with this disorder (Astley and Clarren, 1996). A thin upper lip has historically been
associated with FASD however, as with many of these facial features they can vary with
ethnicity (Hoyme et al., 2015; May et al., 2010). Other facial features common to FASD
include: midface hypoplasia, a low or flat nasal bridge and microcephaly. Given the
diagnostic importance of these facial features some groups have sought to use 3D images
of faces to assign strict numerical characterizations of these abnormalities by age, sex and
ethnicity (Suttie et al., 2013, 2017). Similar facial dysmorphology has been modeled in
mice when alcohol is delivered only on GD 7 (Godin et al., 2010; O’Leary-Moore et al.,
2011). The dysmorphology was less apparent at GD 8.5, indicating that the timing of
alcohol consumption is an important consideration for particular deficits (Lipinski et al.,
2012). The investigation of the underlying causes and timecourses for the classic facial
features of FASD have also been investigated in non-rodent models such as zebrafish and
chicken (Kiecker, 2016) and provide convergent evidence for ethanol-induced facial

dysmorphologies.

In addition to facial dysmorphology, FASDs are also associated with heart
defects, altered osteogenesis and other organ damage. Congenital heart defects are
common to humans with FASD and include atrial, ventricular and septal defects (Burd et
al., 2007a) and have also been shown in animal models (Fang et al., 1987; Sarmah and
Marrs, 2017). Furthermore other organs, like the kidney, can be reduced in weight and
nephron number, showing that alcohol is a teratogen that can impact any developing
tissues (Gallo and Weinberg, 1986; Gray et al., 2010; Hofer and Burd, 2009). Bone
development is also impaired by PNEE and results in reduced bone volume overall which
may underlie general growth retardation, the craniofacial defects described above and

later vulnerability to osteoporosis (Simpson et al., 2005; Snow and Keiver, 2007).

1.4.2. Diagnosis
The nature of the spectrum of dysfunction and variability in teratogen exposure

across FASDs make diagnosis challenging and as a result the diagnostic criteria have
undergone significant restructuring and improvement over the last decade alone with the

help of basic and applied research. The CanFASD Research Network sought to develop
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new diagnostic guidelines for FASDs in Canada in 2015 in order to update clinical
diagnosis for individuals using the latest findings from pre-clinical animal models (Cook
et al., 2016). A brief summary of the 2015 diagnostic guidelines are depicted in Table 1.
Clear diagnostic criteria are critical for spectra such as these in order to provide accurate
treatment and medical advice to patients (Astley, 2012; Coriale et al., 2013). A key
component for diagnosis of FASDs is confirmation of alcohol consumption during
pregnancy, however a recent meta-analysis conducted in Alberta estimated that 30-50%
of children in foster care suffer from FASD and in many cases access to accurate
information about maternal alcohol consumption can be restricted (Government of
Alberta). Furthermore, societal stigma against alcohol consumption during pregnancy is a
barrier to accurate maternal reports for diagnosis. In cases where the maternal
consumption is unknown, offspring must exhibit the three sentinel facial features and
impairment in at least three of the neurodevelopmental domains depicted in the far-right
column of Table 1. As such, the accurate diagnosis of FASDs requires the input from a
team of medical specialists which has been estimated as requiring 32-47 hours to reach a
diagnosis per individual putting a significant burden on the healthcare system costing
anywhere from $ 3.2 to $7.3 million in Canada (Popova et al., 2013). In offspring with
unknown maternal consumption but without the three sentinel facial features no diagnosis
of FASD can be made. Given the importance of being able to confirm alcohol
consumption by the mother while pregnant, many research groups have sought to
uncover biomarkers such as FAEE deposition in hair, fingernails and meconium, the first
bowel movement after birth (Bearer et al., 2005; Burd and Hofer, 2008; Caprara et al.,
2006; Pragst and Yegles, 2008). Many of the neurodevelopmental effects of PNEE tend
to become apparent, particularly measures such as academic achievement, attention,
memory and language when children are school-aged and surrounded by their age-

matched peers in the classroom.
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Table 1. Summary of 2015 Diagnostic Guidelines of FASD in Canada
Summary of the major diagnostic components for diagnosis of FASDs based on the

findings of (Cook et al., 2016). A severe impairment is defined as a score that is > 2 standard
deviations below the mean for that given measure.

Confirmation of Sentinel Facial Neurodevelopmental
Exposure Features Domains
Yes Short palpebral fissure Motor skills
No Smooth philtrum Neuroanatomy/neurophysiology
Unknown Thin upper lip Cognition
Language

Academic achievement

Memory

Attention

Executive function

Impulse control/hyperactivity

Affect regulation

Adaptive behaviour/social skills/

communication

The timing, amount and pattern of exposure in addition to maternal and paternal
health factors as well as genetics can all impact the presentation of neuroanatomical and
neuronal functional deficits as well as the subsequent neurobehavioural impairments
implicated with FASDs (O’Leary et al., 2010c). As such it is necessary to use pre-clinical
animal models to control some of these factors to more clearly demonstrate the

relationships between PNEE and the developing brain.

1.4.3. Animal Models of PNEE
Animal models of FASD provide the experimental control that is critical for

understanding the mechanistic underpinnings of ethanol-induced damage to brain
structure and function, and can lead to the discovery of new therapeutic strategies. The
two main classes of animal models can roughly be divided into “Injection” and

“Ingestion”, and each have been used to model different aspects of FASD in different
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species (see (Patten et al., 2014) for review). Each model is accompanied by their own
advantages and disadvantages and care must be taken to choose the appropriate model

that best suits the research question and field of study.

Injection models: Ethanol injection paradigms typically target the intraperitoneal or
subcutaneous space, and ethanol is administered in relation to the subjects weight to
deliver a predetermined BEC. Ethanol passes easily through cell membranes and into the
vasculature, allowing it to be distributed throughout tissues of the body as well as the
embryo-fetal compartment. With this model, ethanol can be delivered at specific times
and patterns and at specific concentrations during gestation to exert its teratogenic effects
on the developing fetus. For example, in studies described above modeling the
craniofacial defects associated with FASD, ethanol injections were delivered on specific
GDs to better understand periods of vulnerability to this teratogen (Godin et al., 2010;
O’Leary-Moore et al., 2011; Parnell et al., 2009; Webster et al., 1983). Comparatively,
injections of ethanol require relatively little potential handling-induced stress as
compared to some other models described below, although the injections themselves can
induce stress. The downside to this model however is that it does not fully model the
effects of ethanol ingestion in humans, including the impact on nutritional absorption in
the maternal digestive tract. Furthermore injection into the intraperitoneal space causes a
rapid spike immediately following the injection in the amniotic fluid in a guinea pig
model of PNEE, unlike the natural timecourse observed when ethanol is ingested (Brien

et al., 1985; Clarke et al., 1985; Hayashi, 1991).

Ingestion models: Ingestion of ethanol more closely mimics the widespread effects of
PNEE in the human experience of FASD, and there are a number of models of ethanol
ingestion that exist. These include intragastric intubation (or gavage), administering
ethanol in the drinking water, and as is used in the present dissertation, feeding ethanol as
part of a liquid diet. Intragastric intubation, or gavage, involves delivering ethanol
directly to the stomach through the use of metal or plastic tubing. Using this method,
ethanol can be delivered throughout gestation and even to the pups at any point after birth

(Boehme et al., 2011a; Brocardo et al., 2012; Gil-Mohapel et al., 2011). Similar to
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ethanol injection, this method allows the experimenter to have control over the exact
volumes and concentrations of ethanol delivered to the animal and the drug is absorbed
into the maternal bloodstream through the digestive system as with humans. This method
is more invasive, as well as labour-intensive, and requires significant handling of the
animals throughout the period of exposure. While it is advantageous to examine the
impact of ethanol on the early postnatal pup, care must be taken to ensure that the animal
is receiving adequate nutrition but ultimately this method can be associated with greater
pup mortality during this time. Conversely voluntary drinking of ethanol-containing
drinking water or of ethanol-containing liquid diet requires less animal handling, is less
invasive and is less labour-intensive on the part of the researcher. Ethanol in drinking
water typically involves daily ad libitum access to this water solution that contains a
sweetener to entice animals to consume it (Allan et al., 2003; Choi et al., 2005). Ethanol-
containing liquid diets deliver food in the form of a blended smoothie that can be
provided ad libitum but in lieu of standard rat chow. These diets are specially formulated
to contain all of the dietary requirements for pregnant dams (Weinberg, 1985a). In both
cases fresh ethanol-water or ethanol-diet are provided daily by the experimenter and the
volume or weight consumed are measured therefore the exact amount of ethanol
consumed cannot be controlled and will naturally vary between dams. Furthermore, this
model may not be ideal for the study of binge exposure as animals are unlikely to
consume higher concentrations and amounts of ethanol in limited period of time. For
studies using any method of ingestion, it is important to accurately determine the ethanol
consumption for each dam whether it be calculated from the amount of diet consumed or
the BEC. For the present dissertation the ethanol-containing liquid diet was chosen as the
model of PNEE, originally developed by Charles Leiber and Leonore DeCarli then
further modified to best suit pregnant rats by Joanne Weinberg and Kathy Keiver (Gallo
and Weinberg, 1986; Keiver et al., 1996; Lieber and DeCarli, 1982; Weinberg, 1985a;
Weinberg and Gallo, 1982).

While there are many benefits to each model discussed here and existing elsewhere in the

literature to model different aspect of FASD in animals, the diversity in models,
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concentration of ethanol, timecourses of delivery and more can make comparisons

between studies more complex and lead to at times, variable results across measures.

1.4.4. Neurobehavioural Consequences of PNEE
Perhaps most widespread across the spectrum of FASD are the CNS impairments

caused by PNEE. The critical impairments for diagnosis are described in the third column
of Table 1 and have been summarized in a recent review from our laboratory (Patten et
al., 2014). For the purposes of this dissertation motor skills, executive function, social
behaviour, affect regulation and learning and memory will be described however other
CNS effects are described in detail elsewhere (Mattson et al., 2011; Mattson and Riley,
1998; Rasmussen et al., 2008; Riley and McGee, 2005; Sokol et al., 2003). Many of the
neurodevelopmental domains of damage by PNEE have been modeled in animals which
will be reviewed in this section, however the impact of PNEE on learning and memory

will be discussed in more detail.

The cerebellum is vulnerable to the effects of PNEE and damage to this area can
underlie some of the motor impairments seen in FASD. Children with FASD display
impaired directed reaching behaviour (Domellof et al., 2011), postural balance (Roebuck
et al., 1998) and saccade accuracy (Green et al., 2007; Paolozza et al., 2013, 2015).
Animal models of FASD have determined that the early postnatal period appears to result
in specific damage to cerebellar purkinje cells (Maier et al., 1999; Marcussen et al.,
1994). This damage also translates to behavioural defects on tasks such as the rotating
beam and runway and in the analysis of gait, which may be more pronounced in younger

offspring (Bond and Di Giusto, 1977; Cebolla et al., 2009; Hannigan and Riley, 1988).

Poor social skills and altered social behaviour are common amongst individuals
with FASD and have been demonstrated in animal models of PNEE (Kelly et al., 2000,
2009a). In humans with FASD, social dysfunction persists throughout the lifespan
(Streissguth et al., 1991), which can lead to issues integrating with societal norms. Young
children with FASD can display increase irritability, poor coping abilities and

interpersonal skills and increased aggression toward peers (Greenbaum et al., 2009;
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McGee et al., 2008, 2009; Thomas et al., 1998). Even prior to weaning rodent models of

PNEE can show impairments in critical social communication through ultrasonic
vocalizations with the dam (Marino et al., 2002). Play behaviour is characteristic of
juvenile rodents, is sexually dimorphic and is considered to play an important role in
social development of young animals (Auger and Olesen, 2009). Despite its importance,
social play is reduced and aggression increased in animal models of PNEE (Hamilton et
al., 2010; Krsiak et al., 1977; Meyer and Riley, 1986; Royalty, 1990). Similarly, social
recognition memory is impaired by PNEE in both sexes, however exposure impaired
memory retention in males whereas it impaired memory encoding in females (Kelly et
al., 2009b). In addition to being observed throughout the lifespan, poor social skills of
PNEE dams in particular can be passed onto the next generation by inadequate maternal
behaviour (Curley et al., 2008; Hard et al., 2009). In an effort to address differences in
maternal care some groups cross-foster offspring with dams that have not been exposed

to ethanol.

Executive functioning is also known to be impaired by FASD, likely due to
structural and functional damage to higher-order brain structures. Impairments in
executive function are largely reported in the human literature which includes response
inhibition, decision-making, planning, directed attention, strategy development and more
(Mattson et al., 1999; Paolozza et al., 2014). Furthermore, working memory dysfunction
is also associated with FASD, and are apparent across the human lifespan (in young
children and in adults), which may be related to changes in activity patterns in the frontal
cortex as measured by fMRI (Malisza et al., 2005). There is also evidence that working
memory deficits exist in adult male but not in adult female rats following PNEE
(Zimmerberg et al, 1991). Attention deficit hyperactivity disorder is a common
psychiatric comorbidity in FASD that may be associated with executive functioning,
where males with FASD are more likely to be diagnosed than females (Herman et al.,
2008). Impairments in executive function can have life-long consequences and likely play
a role in these offspring experiencing problems with the law. As such, the cost to the
Canadian correctional system due to incarceration of youth with FASD alone has been

estimated at $ 17.5 million (Popova et al., 2015).
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1.5. Sex and the Brain
In order to best interpret how male and female offspring may be differentially

affected by PNEE we must first understand the effect of biological sex and the brain.
Males have by and large represented the vast majority of subjects in the study of the
underpinnings of basic neuroscientific processes in general and the same has historically
been true in the field of FASD. Emerging interest paired with changing policies from
major funding agencies has increased our understanding of how the male and female
brain differ and in particular how they are differentially affected in neurodevelopmental

disorders.

1.5.1. Sexual Differentiation & Maturation
The effects of sex hormones on the CNS and the rest of the body are most simply

separated into two phases having either organizational or activational effects, terms first
described by Phoenix in 1959 (Phoenix et al., 1959). Embryonic sexual differentiation
begins around GD 18 in rats (gestational week 13 in humans) when the developing male
testes begin secreting testosterone and no sex hormones are secreted from the developing
female ovaries (Weisz and Ward, 1980). The early testosterone spike in males persists for
the first few days after birth however until as late as P 10 is considered the end of a
critical period for sexual differentiation of the offspring. During this period experimental
manipulations of sex hormones in either sex can shape future outcomes from
neuroanatomy to behaviour (Arnold and Breedlove, 1985). Under control conditions,
testosterone in the brain is aromatized into estradiol, which paradoxically is thought to
masculinize the male brain. In fact when estradiol or testosterone are experimentally
administered to developing females, it induces masculinization of the female brain
(McEwen et al., 1977; Phoenix et al., 1959). Later in normal development, the early,
permanent organizing effects of testosterone (or lack thereof in females) are activated by
increases in testosterone or estrogens and progesterone produced by the testes and ovaries
in males and females respectively during puberty, which occurs between P 30-40 in the

rat (Schwarz, 2016) with females typically entering pubertal stages ahead of males in this
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approximate range. In female offspring puberty can be roughly approximated by the
onset of the first estrus and vaginal opening (Gaytan et al., 2017) and in males by
preputial separation (Gaytan et al., 2009). The interactions between testosterone and
estradiol during sexual differentiation and development are critical but are also
influenced by various other factors and signals, such as exposure to prenatal stressors
(Choleris et al., 2018; Konkle and McCarthy, 2011; McCarthy, 2008, 2009; McCarthy
and Arnold, 2011; Schneider, 2008; Ward and Weisz, 1984; Weisz et al., 1982).

1.5.2. Sex Differences in the Brain
The male and female brain can differ in their anatomy and in subsequent

behavioural outcomes (see (Lenroot and Giedd, 2010) for a review in humans).
Historically across the field of neuroscience as a whole male subjects have been used
disproportionately more than females although new guidelines set by federal funding
agencies in North America are increasing the number of studies examining both sexes. As
such, the study of sex differences across the brain and behaviour is an emerging area
across neuroscience. There are several well-defined sexually dimorphic nuclei in the
brain such as the medial preoptic area, spinal nucleus of the bulbocavernosus and the bed
nucleus of the stria terminalis, which are in general, larger in the male than in the female
possibly due to the protection against normally-occurring apoptosis in these areas (see

(Schwarz, 2016) for review).

Although not considered part of the classically sexually dimorphic areas of the
brain, hippocampal structure and function is also considered to differ between the sexes.
In humans there have been reports of sex differences both in the overall size and in
growth rates of the hippocampus (Giedd et al., 1996, 1997, 2012) which are reported to
favor females when overall brain size is taken into account. Furthermore sex hormones
have differential effects on hippocampal neurogenesis, cell proliferation and cell survival
(Mahmoud et al., 2016) as well as dendritic morphology, dendritic spines in both sexes
and throughout the lifespan (see (Choleris et al., 2018; Trivino-Paredes et al., 2016) for
review). It is important to note in the discussion of the impact of sex hormones on

hippocampal structure and function that estradiol and testosterone can both be
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extragonadally synthesized in the hippocampus itself (Hojo et al., 2004) and the enzymes

necessary for this synthesis are localized to this region of the brain, among others
(Mensah-Nyagan et al., 1999). it may be possible that ovariectomy and castration may
not completely remove the influence of sex hormones in the brain. In fact, many
neurosteroid enzymes are found in the brain and sex hormones such as testosterone and
estradiol can be synthesized from dehydroepiandrosterone (DHEA) and DHEA sulfate as
opposed to cholesterol, as is common for synthesis outside of the CNS (Compagnone and
Mellon, 2000; Mellon, 1994; Mellon and Griffin, 2002). These enzymes are also reported
to be differentially expressed throughout the lifespan and may reflect the changing needs
of the brain over the course of development, puberty, sexual maturity and aging (Baulieu,

1998; Mensah-Nyagan et al., 1999; Plassart-Schiess and Baulieu, 2001).

1.6. The Hippocampal Formation
The hippocampal formation is a paleocortical temporal lobe structure that is a part

of the limbic system and plays a role in learning and memory, spatial navigation,
emotional regulation among other functions. The term hippocampus originates from the
Greek word for its seahorse-like shape first described by Arantius in 1587. For an

excellent review of hippocampal literature see (Anderson et al., 2007).

1.6.1. Anatomy & Basic Circuitry
Generally, the hippocampus is comprised of the CA region, named in Latin after

the ram-headed god Ammon’s horn for its shape, the DG region, named for its toothlike
indented structure, or dentate in Latin and the subiculum which is named in Latin for
‘support’. The hippocampus receives inputs from across the brain primarily via the
entorhinal cortex (EC) and is illustrated in Figure 4. Simply, the major pathways in the
hippocampus are excitatory and unidirectional starting with the EC, where axons from
cells originating in layer II form the perforant path which projects to the granule cells of
the DG that then project to CA3 pyramidal neurons forming a pathway called the mossy
fibres. The axons from these neurons form the schaffer collaterals that synapse on CAl

pyramidal neurons that finally project to the subiculum and EC. The subiculum itself also
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projects to the EC. Generally, the subiculum is the primary source of subcortical

projections whereas the EC is the primary source of neocortical projections. Together this
simplified circuit (EC - DG = CA3 - CAl) is termed the trisynaptic circuit however
there are direct projections from the EC the CA3, CA1 and subiculum in addition to other

more complex connections.

MEC

CA3

Figure 4. Simplified Hippocampal Circuitry.

Simplified schematic of hippocampal circuitry outlining the trisynaptic circuit. Briefly, the
lateral and medial entorhinal cortices (LEC and MEC) form the lateral and medial perforant paths
(LPP and MPP) respectively (blue) that provide input to the dentate gyrus (DG) granule cells. The
granule cells axons form the mossy fibres (green) that project to the cornu ammonis (CA) 3
region pyramidal cells. The CA3 pyramidal cell axons form the schaffer collateral projection
(pink) to the CA1 pyramidal cells, which project to the subiculum (purple). Abbreviations: CA1:
cornu ammonis 1; CA2: cornu ammonis 2; CA3: cornu ammonis 3; DG: dentate gyrus; LEC:
lateral entorhinal cortex; LPP: lateral perforant path; MEC: medial entorhinal cortex; MF: mossy
fibres; MPP: medial perforant path; SC: schaffer collaterals; SUB: subiculum.

1.6.2. Cornu Ammonis
The CA region is subdivided into three regions, CAl, CA2 and CA3. A region

termed CA4 has also been historically described by Lorente de No which was clarified as
being a part of the DG. The primary cell type in the CA regions is the pyramidal cell
whose cell bodies are located in the pyramidal cell layer, separating the stratum radiatum
and stratum oriens. The cell bodies of these principal neurons vary based on subregion
tending towards larger cell bodies in CA2 and CA3 (ranging from 20-30pum in diameter)
and smaller cell bodies in CA1 (~15um in diameter). These cells have basal dendritic

arbours that extend into the stratum oriens and apical arbours that extend through the
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stratum radiatum. While CA2 and CA3 play important functional roles in spatial memory

and processing for the purposes of this dissertation the impact of PNEE on CA1 synaptic
plasticity will be discussed in greater detail as it is the hippocampal subregion that has

been best studied on this topic.

1.6.3. Dentate Gyrus
The DG is a unique area of the brain, exhibiting both structural and functional

plasticity and playing a complex role in behavioural learning and memory. The DG is
classically described as being U-shaped around the pyramidal cell layer of CA3, and is
composed of three layers; the molecular, granule cell and polymorphic cell layers (Figure
5). The upper blade of the DG is referred to as the suprapyramidal blade while the lower
blade is termed the infrapyramidal blade, connected by the genu or ‘knee’ of the DG.

Lateral Perforant Path
. . [~ (Layer Il Entorhinal Cortex)
Presubiculum/Parasubiculum Glutamate
NT unknown
. Medial Perforant Path
g (Layer Il Entorhinal Cortex)
Glutamate
AT

Diagonal Band of Broca .
(Medial Septal Nucleus)
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Contralateral DG Glutamate — —
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I ———=Contralateral DG
commissural

fibres
GABAergic
Raphe Nuclei
5-HT

Interneurons

Polymorphic layer  Granule cell layer
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) _—— Nucleus
CA3l mossy fibres GABA
Mossy Cell Granule Cell Pyramidal
Basket Cell
25-35um in diameter ~5600 spines/granule cell 25-35um in diameter
Spiny 10-18um in diameter Basket-like plexus around synapses

Can contact > 10,000 granule cells
Figure 5. Inputs to DG Granule Cells.

Diagram depicting an overview of some input to dentate gyrus granule cells. Granule cells of
the dentate gyrus (DG) receive input from diverse brain regions as well as from neighboring cells
such as the mossy cells (left) and pyramidal basket cells (right). The primary excitatory input to
these cells are from the entorhinal cortex via the lateral and medial perforant paths (LPP and MPP
respectively; upper right), which also provide input to the inhibitory basket cells. Mossy cells are
primarily responsible for communicating with the contralateral DG and also provide
glutamatergic input to local granule cells. The pyramidal basket cells (and other inhibitory
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interneurons) play a critical role in plasticity in this region given that they can provide feed
forward inhibition (from LPP and MPP inputs) and feedback inhibition (from granule cells) to
modulate granule cell activity. Abbreviations: Ach: acetylcholine; CA3; cornu ammonis 3; DG:
dentate gyrus; GABA: gamma-aminobutyric acid; NT: neurotransmitter; 5-HT: serotonin.

The anatomy of the DG has been well-characterized and is described in good
detail by a variety of book chapters and review papers (Amaral and Lavenex, 2007,
Anderson et al., 2007; Frotscher and Seress, 2007). The molecular layer is approximately
250pum wide and is subdivided into thirds with the outer and middle thirds housing the
perforant path inputs originating from the lateral and medial EC respectively. The inner
third of the molecular layer houses intrinsic connections as well as strong feed-forward
and feed-back inhibitory connections with interneurons. The molecular layer comprises
for the most part dendrites of the granule cells and associated excitatory and inhibitory
cells as well as the axons of the perforant path, however some inhibitory cell bodies can
be found sparsely within this region such as the molecular layer perforant-path associated

cells.

The granule cell layer is home to the primary cell type of the DG, the granule
cells, which in general have smaller cell bodies (~10um in diameter) than their
neighboring pyramidal counterparts in the CA regions, and receive glutamatergic inputs
from the perforant path in addition to various other neurotransmitter (NT) input
throughout the molecular and polymorphic regions. Furthermore, dense inhibitory
connections are made between granule cells and surrounding interneurons that generate
both feed-forward and feed-back inhibition circuits. Granule cells in the suprapyramidal
blade tend to have greater dendritic arbours and greater dendritic spine densities
(~3500pm; 1.6 spines/um) than those located on the infrapyramidal blade (~2800um; 1.3
spines/um). The cell layer itself is approximately 60um thick, densely packed with
granule cells to total an estimated 1.2 x 10° cells per DG in the adult rat, although this
density can be affected by the generation of new neurons throughout the lifespan, or
neurogenesis, as well as experimental manipulations and neurological disease that can
impact cell health and neurogenic processes. Importantly, a well-known inhibitory

interneuron known as the pyramidal basket cell resides in the deep granule cell layer and
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performs essential inhibitory functions on the granule cells. The apical dendritic arbours
of these cells extend into the molecular layer, receiving input from the perforant path.
These pyramidal basket cells thus can provide feed-forward inhibition from EC inputs to
their inhibitory connections on over 10 000 granule cells per basket cells. They are so-
named for their basket-like plexus that surround their synapses (see (Amaral and

Lavenex, 2007; Ribak and Shapiro, 2007) for a review of DG anatomy).

The polymorphic layer of the DG is often also described as the hilus and houses
both inhibitory and excitatory neurons. Notably this layer is separated from the granule
cell layer by the subgranular zone (SGZ) best known for being a locus of neurogenesis.
Mossy cells exist in the polymorphic layer that make associational bilateral connections
between granule cells of both hemispheres and are characterized as being glutamatergic.
Their nomenclature originates from receiving mossy input from DG axons as well as for
their ‘spiny’ appearance due to large, dense spines. Interneurons in this region remain
poorly described but include hilar perforant-path associated cells that provide inhibitory
input to DG granule cells (see (Houser, 2007) for a review of interneuron types in the

DG).

The DG plays a complex role in behavioural learning and memory, which is only
beginning to be unraveled. As will be discussed later in this dissertation, the DG
participates in identifying and distinguishing intricate differences between objects in
space but yet may also decode and avail of larger directional cues or objects to orient a
subject in their surroundings (Kesner, 2007; Treves et al., 2008). Specifically, the DG is
classically known for its ability for pattern separation, which allows a subject to
differentiate between highly similar circumstances or objects. This specialized property
of the DG is shared with other regions of the brain such as the piriform cortex, or
olfactory cortex, which is responsible for pattern separation of different odourants and

odour mixtures (Barnes et al., 2008; Leutgeb et al., 2007; Shakhawat et al., 2014).
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1.6.4. Perforant Paths
The primary glutamatergic inputs to the DG originate from the perforant path,

formed of axons from layer II pyramidal neurons in the EC that are so-named for the fact
that they perforate the subiculum in order to access the DG. Perforant path input
originating from the lateral EC form the lateral perforant path (LPP) whereas inputs
originating from the medial EC form the medial perforant path (MPP). Axons of the LPP
and MPP occupy the outer and middle thirds of the molecular layer, respectively. These
inputs form excitatory synapses on the apical dendritic arbours of granule cells as well as
on dendrites of inhibitory interneurons such as the pyramidal basket cells (Andersen et
al., 1971; Hjorth-Simonsen and Jeune, 1972; McNaughton, 1980; Witter, 2007). While
the focus of the present dissertation is centered on DG plasticity there is evidence that
both MPP and LPP projections can directly synapse in both CA3 and CA1l (Do et al.,
2002; Steward and Scoville, 1976).

Recent evidence has suggested that the MPP and LPP inputs differ in their
pharmacological and electrophysiological properties and perhaps in their functional roles
in the behaving animal. Pharmacologically the MPP may be subject to greater cholinergic
innervation and perhaps modulation than the LPP (Kahle and Cotman, 1989) as well as
divergent distribution and function of group II and group III metabotropic glutamate

receptors (mGluR)(Macek et al., 1996).

Electrophysiologically, there has been evidence to suggest divergence in vesicle
release probability between these inputs, with the MPP having a greater release
probability than the LPP (McNaughton, 1980) although this depends on the inter-pulse
intervals and simulation intensities used (Petersen et al., 2013). Specifically, the
differences between the two pathways in their PPRs are reduced at greater inter-pulse-
intervals (200ms) and are most obvious at shorter intervals such as those used in the
present dissertation (50ms). Furthermore, subtle changes in the kinetics of the fEPSPs
that can be evoked in the MPP and LPP can be detected where the latency of the peak
amplitude in the fEPSPs evoked in the MPP were slightly reduced compared to those
evoked in the LPP (Petersen et al., 2013). Additionally synaptic plasticity in both
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pathways appear to be of differential origin with LTP in the MPP being dependent on

NMDARs and in the LPP on p opioid receptors (Breindl et al., 1994; Dahl et al., 1990;
Derrick et al., 1992; Do et al., 2002). Electrophysiological differentiation of the MPP and
LPP remains unclear at this time however it warrants further investigation in order to
dissociate the roles of these two inputs to the hippocampal circuit in learning and memory
behaviours. It has been thought that each pathway is important for different kinds of
information and subsequent learning. In a study from the laboratory of Hunsaker, the
roles for LTP in the MPP and LPP were dissociated through the administration of
NMDAR and p-opioid antagonists to block plasticity in each pathway respectively and
examine subsequent behavioural abnormalities in either a spatial or non-spatial (novel
object) learning paradigm (Hunsaker et al., 2008). The findings from these experiments
showed that blockade of either NMDARS or p-opioid receptors impaired spatial memory
whereas novel object memory was disrupted only by blockade of the latter presumably
signifying that if LTP in the LPP did indeed require activation of p-opioid receptors these
inputs are important for processing non-spatial information. As for spatial information it
is possible that the DG is involved in incorporating critical information from both the
MPP and LPP prior to projecting to CA3. Interestingly, when these experiments were
completed in CAl it was found that the roles of the MPP and LPP in these behaviours
were completely separate and activated distinct neuronal populations in this subregion. It
has also been reported that projections from specialized grid cells located in the medial
EC are contained within the MPP that are responsible for encoding spatial topographic

maps of environments (Hafting et al., 2005; Witter and Moser, 2006).

1.6.5 Hippocampal Development
The telencephalon is of special interest for the present dissertation because it

gives rise to the hippocampal formation, in addition to forebrain cortical structures and
the neocortex. The majority of hippocampal development occurs prior to birth in rodents
(Frotscher and Seress, 2007; Khalaf-Nazzal and Francis, 2013), however the first
postnatal week is considered to be the third trimester equivalent to humans and is often

known colloquially as the ‘brain growth spurt’ (see Figure 1). The various subregions of
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the hippocampus develop at different rates with CA pyramidal cells developing between

GD 11 to 21, and peak generation of principal neurons occurring between GD 15 and 16.
Meanwhile granule cells of the DG first appear on GD 16 and their growth curve is much
slower, with only approximately 15% of granule cells being present at birth in rodents
(Bayer, 1980; Bayer and Altman, 1975, 1987). Development of the DG granule cells is
more or less complete as of the second to third week after birth in rats, peaking at up to
50 000 new granule cells being generated daily between P 5-7 (Schlessinger et al., 1975).
Despite the late development of the granule cells, their inputs from the EC can correctly
target the appropriate areas of the molecular layer as early as GD 18 with the guidance of
a combination of repulsive signals from the EC, neurotrophic factors from the
extracellular matrix and from ‘pioneer’ Cajal-Retzius cells (Frotscher and Seress, 2007,
Supér and Soriano, 1994). The dendritic spine numbers on granule cells of the DG have
been reported to be at approximately a similar level as in adults by the third postnatal
week (Cotman et al., 1973). The total number of granule cells at 1 month of age in
Sprague-Dawley rats is relatively constant throughout adulthood, although this can vary

in other strains (Boss et al., 1985).

1.7. Hippocampal Synaptic Plasticity
The term synaptic plasticity was first introduced by Jerzy Konorski then formally

hypothesized by the Canadian neuroscientist Donald Hebb in the mid-1900s to describe
the long-lasting changes in the brain that were thought to underlie memory storage and
has since been widely used (Hebb, 1949; Konorski, 1948). Now nearly 70 years later, the
term retrieves over 50 000 scientific articles using the PubMed online database and its
varieties, functions and molecular underpinnings have been extensively studied both
under healthy and disease conditions across a range of brain regions. Short term forms of
plasticity in addition to longer forms such as LTP and LTD will be further discussed
below. These forms of plasticity can be recorded in the whole animal (anesthetized or
awake) termed in vivo or in hippocampal slices or cell culture termed in vitro. While the
effects of PNEE on synaptic plasticity have been examined using both techniques, in
vitro hippocampal slice electrophysiology will be used for the work contained in this

dissertation.
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1.7.1. Paired Pulse Plasticity
Paired pulse (PP) plasticity is measured by delivering two pulses of stimulation

separated by short interpulse intervals, ranging from a few to several hundred
milliseconds and has been used as a relative indicator of presynaptic release probability.
In the present dissertation PP is used to determine whether our experimental manipulation
(PNEE) impacts NT release probability from MPP inputs. Plasticity is typically measured
as the ratio of the slope of the second fEPSP relative to the slope of the first and is
commonly used as a relative measure of release probability. When this ratio value is
greater than one (i.e. the second pulse has a greater slope than the first) this is called
paired pulse facilitation while when the ratio value is less than one (i.e. the second pulse
has a smaller slope than the first) this is paired pulse depression (see (Regehr, 2012;
Zucker and Regehr, 2002) for review). The simplest mechanistic explanation for this type
of plasticity is illustrated in Figure 6. In the first pulse of stimulation vesicles in the
readily releasable pool in the presynaptic terminal bind to the lipid bilayer and exocytose
their contents (neurotransmitters) into the synaptic cleft to subsequently bind to
postsynaptic receptors, allowing ions to flux and leading to a measurable fEPSP. In the
second pulse the same process is repeated however depending on the release probability
of the presynaptic terminal this second fEPSP will be, on average larger or smaller. In
terminals with a high release probability, more vesicles would be released during the first
pulse which can lead to fewer vesicles docked and in the readily releasable pool to be
released during the second pulse, leading to a smaller second fEPSP and therefore paired
pulse depression. Meanwhile in terminals with a lower release probability, fewer vesicles
may be available for release upon the first stimulation and residual calcium in the
presynaptic terminal may facilitate vesicle release upon the second pulse leading to a
larger second fEPSP and therefore paired pulse facilitation (Katz and Miledi, 1968). It
should be noted however that many other presynaptic factors can be involved in affecting
paired pulse plasticity such as the relative presence of calcium buffers and their affinities
for calcium. For example, it is possible that calcium buffers could be saturated with
calcium rather than a mechanism dependent on increased calcium entry into the

presynaptic terminal.
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Figure 6. Paired Pulse Plasticity.

Pairs of stimuli can be delivered in close temporal proximity to give an estimate of the effect of
a treatment on presynaptic NT release. (A) A depiction of the glutamatergic presynaptic terminal
processes following delivery of the first pulse of stimulation. An example fEPSP is provided
below in grey. Vesicles loaded with glutamate (Glu; dark blue circles) exist in the presynaptic
terminal. Upon electrical stimulation, voltage-gated calcium channels (light teal channel, upper
right) flux calcium (CA*") ions that are involved in vesicle fusion and NT release. Vesicles in the
readily releasable pool fuse with the presynaptic membrane and release their contents in the
synaptic cleft. (B) In a terminal with a low release probability the second pulse (black fEPSP
below) will have a greater slope than the first possibly due to residual calcium in the terminal. (C)
In a terminal with a high release probability, the first pulse may deplete the vesicles in the readily
releasable pool, leading to fewer being ready for release during the second pulse, yielding a
second fEPSP (black fEPSP below) that has a smaller slope. Used with permission from
(Fontaine et al., 2016). Abbreviations: Ca®": calcium; Glu: glutamate; PPD: paired-pulse
depression; PPF: paired-pulse facilitation.

1.7.2. Post Conditioning Short-Term Plasticity
Another form of short term plasticity relevant to this dissertation is post-tetanic

potentiation (PTP) and its pseudo-inverse form termed short-term depression (STD).
These temporary increases and decreases follow the delivery of the conditioning stimulus
necessary for either LTP or LTD and decay quickly. PTP is a term used to describe the
brief increase in the size and slope of the fEPSP that immediately follows high-frequency
stimulation (HFS) and its duration can be extended with longer bouts of HFS (Magleby,
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1987) and is accompanied by augmentation which has a shorter duration. The

mechanistic underpinnings of PTP are thought to be related to increases in calcium, either
by increased influx or increased residual calcium that will subsequently lead to
facilitation of vesicle release (Delaney et al., 1989; Habets and Borst, 2005, 2006;
Kamiya and Zucker, 1994). Similarly following low frequency stimulation (LFS) a brief
period of accentuated synaptic depression is typically observed and has been described as
STD. The mechanisms underlying this short term plasticity are considered to be related to
a depletion of the readily releasable pool of vesicles caused by the prolonged nature of
LFS (typically in the range of tens of minutes)(Schneggenburger et al., 2002). Other
possible mechanisms related to calcium involve an LFS-induced reduction in presynaptic
calcium influx leading to reduced transmission (Kamiya and Zucker, 1994; Regehr, 2012;

Xu and Wu, 2005; Zucker and Regehr, 2002).

1.7.3. Long-Term Potentiation
Arguably one of the most popular topics in the study of neuroscience, LTP has

been widely studied throughout the brain and has long been known as one of the top
candidates for the mechanisms underlying behavioural learning and memory. First
published in 1973, Tim Bliss and Terje Lomo showed that at the MPP-DG synapse of the
hippocampus (Bliss and Lomo, 1973) brief bouts of tetanic stimulation yielded increaseds
in the amplitude of their recorded field excitatory postsynaptic potentials (fEPSPs) in the
rabbit in vivo. Later this long-lasting potentiation was given the name by which it is now
known — LTP (Douglas and Goddard, 1975). As such numerous excellent reviews of the
literature have been written (Abraham, W. C. & Williams, 2003; Bear and Malenka,
1994; Bliss et al., 2007; Bortolotto et al., 2011; Larkman and Jack, 1995; Malenka, 1994;
Malenka and Bear, 2004; Malinow and Malenka, 2002; Stevens, 1998). Simply, LTP is a
long-lasting increase in synaptic efficacy as a result of prior synaptic activation at a high
frequency and exists in many forms throughout the brain and within the hippocampus
itself. The form of LTP observed can depend on the conditioning stimulus or induction
paradigm used which can vary in terms of their intensities, frequencies, durations and

patterns. For example, HFS tuned to the theta rhythm can also be used to induce LTP.
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The phenomenon of increased synaptic efficacy has been observed to last from hours and

days to weeks.

The most commonly described form of glutamatergic LTP in the hippocampus
requires the activity of oa-amino-3-hydroxy-5-methyl-4-isoxazolepropoionic acid
receptors (AMPARs) and N-methyl-D-aspartate receptors (NMDARs; Figure 7). Upon
stimulation of glutamatergic inputs such as, in the case of this dissertation, the MPP,
glutamate is released into the synaptic cleft where it binds to postsynaptic glutamatergic
receptors including the AMPAR, NMDAR and mGluRs, among others. The AMPAR is
an ionotropic receptor that fluxes sodium and potassium ions, which leads to an
accumulation of increasingly positive charge (i.e. depolarization) in the postsynaptic
terminal, which will dislodge the positively-charged magnesium ion blocking the pore of
neighboring NMDARs where glutamate is already bound (in addition to co-agonists such
as glycine). Once the NMDAR pore is open it fluxes important calcium ions in addition
to sodium and potassium into the postsynaptic cell. It should also be noted that AMPARSs
that do not contain the GluA2 subunit are also capable to fluxing calcium although to a

lesser extent (see (Isaac et al., 2007) for review).

Calcium entry into the postsynaptic cell is a critical component of this plasticity
as it unleashes second messenger cascades that contribute to long-lasting changes in
synaptic efficacy through effects on both the pre- and postsynaptic cells. This sharp rise
in intracellular calcium activates calmodulin and subsequently the calcium-calmodulin
dependent protein kinase II (CaMKII). CaMKII consists of regulatory and catalytic
subunits, which separate upon binding with the calcium-bound calmodulin complex. The
catalytic subunit then can go on to phosphorylate a variety of substrates including the
AMPAR itself. Furthermore, LTP is associated with a number of other second messenger
signalling cascades including activation of other kinases such as protein kinase A (PKA),
protein kinase C (PKC) map-activated protein kinase (MAPK), extracellular signal-
regulated kinase (ERK) and other elements such as cyclic adenosine monophosphate
(cAMP), cAMP response element binding protein (CREB) among many others.

Ultimately these signaling cascades can lead to long-term changes to the synapse and cell
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itself that support long-lasting increases in synaptic efficacy. One of the best studied

mechanisms of increased postsynaptic responsiveness as a result of an LTP-inducing
stimulus (such as HFS) is altered AMPAR dynamics. The GluA1 and GluA2 subunits of
the AMPAR are best studied in the context of synaptic plasticity due to a variety of
phosphorylation sites that are targeted by protein and tyrosine kinases associated with
LTP (Wang et al., 2005). In particular, the GluA1l subunit has two well-characterized
phosphorylation sites at ser-831 and ser-845 which are phosphorylated by PKC or
CaMKII and PKA, respectively increasing AMPAR conductance, currents, as well as
channel open probability, which are associated with LTP (Barria et al., 1997; Derkach et
al., 2007; Esteban et al., 2003; Lisman and Zhabotinsky, 2001; Lledo et al., 1995; Roche
et al.,, 1996). PKC activation also results in phosphorylation of ser-880 on the GluA2
subunit (Matsuda et al., 2002; McDonald et al., 2001). In addition to the aforementioned
effects of phosphorylation at distinct sites on AMPAR kinetics, this can also lead to
enhanced insertion of new AMPARs into the postsynaptic membrane, which has been
classically associated with LTP. The long-lasting changes in synaptic efficacy in LTP can
also result in structural changes such as extension of the postsynaptic density, widening
of the dendritic spine head and even the development of new spines among others (Bell et
al., 2014; Watson et al., 2016). It is likely that the latter changes support longer-lasting
forms of LTP beyond the scope of the present dissertation.
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Figure 7. Simplified Mechanisms of NMDAR-LTP

(A) Under baseline conditions at glutamatergic terminals, glutamate (Glu) in the synaptic cleft
binds to and opens AMPARSs that flux sedum (Na") ions into the postsynaptic cell. Glu also binds
to the NDMAR however without sufficient membrane depolarization the magnesium (Mg>")
remains in the pore of the NMDAR, blocking flux of cations sodium and calcium (Ca*). (B)
Following high-frequency stimulation, Glu binds to both AMPARs and NMDARs where sodium
flux through the AMPAR causes sufficient depolarization of the membrane to expel the Mg*
block in the NMDAR, allowing it to flux both Na" and Ca®". The increase in postsynaptic Ca®*
activates CaMKII among other second messenger signalling pathways that ultimately lead to the
insertion of AMPARs into the postsynaptic membrane and potentiation of the fEPSP.
Abbreviations: AMPAR: a-amino-3-(5-methyl-3-oxo0-1,2-0xazol-4-yl) propanoic acid, Ca®":
calcium; CaMKII: calcium-calmodulin-dependent protein kinase 1I; LTP: long-term potentiation;
Mg”*": magnesium; Na': sodium; NMDAR: N-methyl-D-aspartate receptor.

LTP is characterized by 3 key properties: cooperativity, associativity and input-
specificity. Cooperativity refers to the fact that there is a threshold for the stimulus
intensity necessary to induce LTP by recruiting sufficient afferent fibres to initiate the
postsynaptic second messenger signalling cascades that we now know are implicated in
LTP. In these initial studies taking place in the DG, McNaughton and colleagues
examined the relationship between stimulus intensity and resulting increases in the
subsequent size of fEPSPs (McNaughton et al., 1978). Of special interest to the present
dissertation is a set of experiments in this study where the authors delivered repeated
bursts of HFS in order to saturate the potentiation observed in the DG. Also studied by

this group was the concept of associativity where weak inputs could be potentiated if a
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strong stimulus was coincidentally delivered in another input (Levy and Steward, 1979;
McNaughton et al., 1978). Finally, LTP is input-specific such that inputs that are not
active during HFS are not involved in the subsequent potentiation observed in that

pathway (Andersen et al., 1977; Lynch et al., 1977).

1.7.4. Long-Term Depression
The so-called flipside of this LTP, LTD was first shown experimentally by Lynch

et al. to occur at synapses adjacent to those being potentiated, and was termed
heterosynaptic, or non-associative, LTD because it occurred at unstimulated synapses
(Dunwiddie and Lynch, 1978; Lynch et al., 1977). Homosynaptic, or associative LTD,
was later shown to occur at stimulated synapses in a single input using prolonged LFS
from a baseline condition, (i.e. de novo or without prior plasticity or priming) and within
a single pathway by Serena Dudek and Mark Bear nearly 20 years after the initial
observations of LTP (Dudek and Bear, 1992). As opposed to the widely studied,
mechanistically-explained and well-known LTP, its ‘flipside’ LTD remains under-
investigated. It is likely that both LTP and LTD play important cooperative roles in
behavioural learning and memory. LTD is the long-lasting decrease in synaptic efficacy
that follows LFS and also exists in many forms throughout the CNS. As with LTP within
the hippocampus there are various mechanisms that support each form of LTD, although
the best-characterized forms of this type of plasticity in the DG are NMDAR or mGluR-
dependent (see Figure 8).



37
A NMDAR-LTD B mGIuR-LTD

@
= ]l[o go

. @i
Ca* Calmodulin
"

Complex
Figure 8. Simplified Mechanisms of NMDAR and mGluR LTD.

(A) In the classic example of NMDAR-dependent LTD at glutamatergic terminals, low
frequency stimulation (LFS) leads to reduced activation of NMDARSs and thus reduced calcium
(Ca™) entry, which bind to less calmodulin forming fewer calcium-calmodulin complexes, which
preferentially activate protein phosphatase 2B (PP2B), which activates protein phosphatase 1
(PP1), dephosphorylating the GluAl subunit of the AMPARs at serine-845, leading to their
eventual lateral diffusion and internalization. (B) In mGluR LTD LFS activated phospholipase C
(PLC), which hydrolyses phosphatidylinositol 4,5-biphosphate (PIP,) into diacylglycerol (DAG)
and inositol triphosphate (IP3;). DAG can then activate protein kinase C (PKC), while IP; binds to
calcium receptors on the endoplasmic reticulum to cause intracellular calcium release, also
activating PKC. PKC phosphorylates the GluA2 subunit of the AMPARSs at serine 880 leading to
their lateral diffusion and eventual internalization. This pathway also includes activation of
protein tyrosine phosphatases (PTPs) that can dephosphorylate the GluA2 subunit of the AMPAR
and similarly lead to AMPAR internalization. It should be noted that these pathways are overly
simplified for illustration processes and that many other second messenger signaling cascades can
be activated in these pathways contributing the long-term depression (LTD). Used with
permission from (Pinar et al., 2017). Abbreviations: AMPAR: a-amino-3-(5-methyl-3-oxo0-1,2-
oxazol-4-yl) propanoic acid; Ca’": calcium; DAG: diacylglycerol; IP;: inositol triphosphate;
mGluR: metabotropic glutamate receptor; NMDAR: N-methyl-D-aspartate receptor; PIPy:
phosphatidylinositol 4,5-biphosphate; PKC: protein kinase C; PLC: phospholipase C; PP1:
protein phosphatase 1; protein phosphatase 2B; PTP; protein tyrosine phosphatase.

Hippocampal LTD can be induced through a variety of protocols based on the
technique of electrophysiology, age of the animal and desired form of LTD (see (Pinar et
al., 2017) for review). This form of plasticity has long been known to be age-dependent,
with the greatest magnitudes of LTD being measured in young and aged animals. The
most commonly-used protocols for inducing LTD are LFS that typically consist of
stimulation at low frequencies (0.5-5 Hz) for long periods of time (600-900 pulses)
(Dudek and Bear, 1992, 1993; Dunwiddie and Lynch, 1978). Other groups have extended
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LFS to beyond 900 pulses (1200-2400) to yield either a greater magnitude of LTD or to

induce LTD in older animals (Kamal et al., 1999; Nosyreva and Huber, 2005; Raymond
et al., 2003). These classic protocols have been modified and applied to in vivo
electrophysiology where de novo LTD has been historically challenging to induce. In
some cases the LFS is delivered in pairs of pulses rather than single pulses as in the
experiments by Dudek, Bear and colleagues (Thiels et al., 1994). Hippocampal LTD can
also be induced pharmacologically by infusion of NMDA (for NMDAR-dependent LTD)
or mGluR agonists such as (S)-3,5-dihydroxyphenylglycine (DHPG) or 1-amino-1,3-
dicarboxycyclopentane (ACPD) (Mukai et al., 2007a; Murakami et al., 2015; O’Mara et
al., 1995; Overstreet et al., 1997; Shiroma et al., 2005).

The best-studied forms of hippocampal LTD can be simply classified as either
being NMDAR or mGluR-dependent and each activate distinct second messenger
signalling cascades to support long-term changes at the level of the synapse that are
thought to result in AMPAR endocytosis and removal from the synapse, resulting in a
long-lasting depression in synaptic efficacy. AMPARs undergo regular insertion
(exocytosis) and removal (endocytosis) from the post-synaptic density (PSD) through
interactions with various scaffolding proteins (Man et al., 2000). In particular, there are
tyrosine residues on the GIuA2 subunits that are targets for plasticity-related
phosphorylation that are related to the anchoring of AMPARSs in the PSD (see Figure 9
for a summary of GluAl and GluA2 phosphorylation sites related to LTP and LTD
(Ahmadian et al., 2004)). Specifically, phosphorylation at Tyr-876 by tyrosine receptor
kinases (Trks) inhibits the association of the GluA2 with cytoskeletal proteins and leads
to internalization of the receptor (Hayashi and Huganir, 2004). Interestingly, blockade of
phosphorylation on tyrosine residues on the GluA2 inhibits AMPAR endocytosis, LTD
and spatial memory consolidation in the morris water maze (MWM) task (Ahmadian et
al., 2004; Ge et al., 2010). Very recent evidence however suggests that LTD is associated
not always directly with increased endocytosis of the GluA 1-subunit-containing AMPAR
but rather with a suppression of typical exocytosis that will still lead to fewer net
AMPARs present in the post-synaptic density (Fujii et al., 2018). While there may be
disagreement in the literature as to what specifically about AMPAR trafficking (receptor
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subunits and mechanisms involved) contributes to hippocampal LTD, it is clear that the

dynamics of the movement of these receptors in and out of the post-synaptic membrane
are integral to plasticity. It should also be noted that most studies examining the specific
dynamics of AMPAR endocytosis have either been examined in hippocampal cell
cultures or in the CA1 region, and whether there are regional differences in AMPAR

dynamics is unknown.
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Figure 9. Plasticity-Related Phosphorylation Sites on the AMPAR

The GluAl and GIuA2 subunits of the AMPAR are the best studied in the context of
synaptic plasticity. On the GluA1 subunit there are two principal serine residues that are
known to be phosphorylated and dephosphorylated in synaptic plasticity. At ser-831
phosphorylation can occur via activation of CaMKII or PKC whereas phosphorylation at
ser-845 is accomplished by activation of PKA. Although it is less-studied, the GluA2
subunit has one key serine residue, ser-880 that is phosphorylated following activation of
PKC meanwhile tyrosine residues have been associated with anchoring the AMPAR to
the appropriate cytoskeletal proteins. Specifically, the tyr-876 residue is phosphorylated
by Trks which inhibits the association between the receptor and the anchoring proteins,
leading to its eventual internalization.

It may be tempting to view these forms of NMDAR-dependent and mGluR-
dependent LTD, as well as the many other possible mechanisms, as distinct processes;
but they are likely not as the hippocampus and its subregions are capable to supporting

several distinct pathways for LTD (Oliet et al., 1997; P6schel and Stanton, 2007).
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In NMDAR-LTD, calcium ions enter via the NMDAR itself or through voltage-
gated calcium channels, which, as in LTP, will then trigger a signalling cascade that is
thought to involve the internalization of AMPARs. In the case of LTD, the calcium-
calmodulin complex preferentially activates protein phosphatase 2B (PP2B) or
calcineurin, which subsequently dephosphorylates inhibitor 1 (I-1) that normally inhibits
protein phosphatase 1 (PP1) in its phosphorylated state. Through dephosphorylation of I-
1, PP1 is activated, which dephosphorylates the AMPARSs at the synapse at the serine-
845 site and leads to reduced ion flux and AMPAR internalization (Beattie et al., 2000;
Carroll et al., 2001; Lee et al., 1998, 2000; Malenka and Bear, 2004; Mockett et al., 2011;
Mulkey et al., 1993, 1994). Both LTP and LTD can be initiated through intracellular
calcium signals, however the valence of the subsequent effect on synaptic efficacy
(potentiation or depression) is related to the affinity of CaMKII and calcineurin for the
calcium-calmodulin complex. PP2B, or calcineurin, has a higher affinity for the calcium-
calmodulin complex than does CaMKII, meaning that it will be preferentially activated at
lower calcium concentrations during the induction of NMDAR-LTD (see (Xia and Storm,
2005) for a review of the role of calmodulin in plasticity). Calcineurin itself can also
reduce the open time of NMDARs thereby reducing further calcium entry into the
postsynaptic cell, which may also contribute to LTD (Shi et al., 2000). Through these,
and likely other, postsynaptic signalling cascades synaptic efficacy is reduced as

compared to pre-conditioning recordings.

The mechanisms underlying mGluR-LTD are less clear and are also dependent on
the mGluR subtype activated (see (Sanderson et al., 2016) for review). Activation of
group I mGluRs (mGluR; and mGluRs) is linked with activation of phospholipase C
(PLC), which hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP;) from the lipid
bilayer of the cell into diacylglycerol (DAG) and inositol triphosphate (IP3). IP; can then
bind to its intracellular receptor to release calcium from intracellular stores, while DAG
can activate a number of kinases including PKC, MAPK, ERK and phosphoinositide 3-
kinase (PI3K) that can phosphorylate the serine-880 site of the GluA2 subunit of the
AMPAR which can lead to lateral diffusion and internalization of the AMPAR (Gladding



41
et al., 2009; Liischer and Huber, 2010). While these mechanisms can obviously be

activated by the use of agonists ACPD and DHPG, mGIluR-LTD can also be initiated
through electrical mechanisms (Huber et al., 2000). Some forms of mGluR-LTD are also
thought to be expressed presynaptically, and independently of the classic postsynaptic,
calcium-related mechanisms (Fitzjohn et al., 2001). What differentiates NMDAR-LTD
from mGIuR-LTD in terms of electrical induction remains a question, and there are
clearly overlapping activation mechanisms within the second messenger cascade and

expression of these forms of LTD.

Recent work has implicated endocannabinoid (eCB) signalling in LTD in the
brain (Chevaleyre et al., 2006). eCBs have long been thought to play a role as retrograde
signals involved in synaptic plasticity but are now known to play various roles in
plasticity and brain function (see (Araque et al., 2017; Castillo, 2012; Castillo et al.,
2012; Heifets and Castillo, 2009; Ohno-Shosaku and Kano, 2014; Siidhof and Malenka,
2008) for review). The role of eCBs in synaptic function is not strictly limited to
retrograde neurotransmission, as their g-protein coupled cannabinoid type 1 (CB1)
receptor can also be found in the postsynaptic membrane and on astrocytes (Gutiérrez-
Rodriguez et al., 2017, 2018). Early work has suggested that the presynaptic activity of
eCBs plays a role in the short-term component of DHPG-induced mGIluR LTD (Rouach
and Nicoll, 2003). Most recently, using electrical LFS (10 Hz for 10 minutes) in the DG
yielded a form of eCB-LTD that was dependent on group I mGluR activation and release

of calcium from intracellular stores (Chiu and Castillo, 2008).

1.7.5. Depotentiation

In order for a biological system to maintain capacity to edit existing learning or
LTP logically there must be some mechanism by which this process could be reversed,
which is now known as depotentiation (Barrionuevo et al., 1980; Staubli and Lynch,
1990). Depotentiation is the apparent reversal of established LTP by LFS and is readily
observed in the hippocampus. In fact, the study of depotentiation preceded that of de
novo LTD (Barrionuevo et al., 1980; Dunwiddie and Lynch, 1978; Staubli and Lynch,
1990). This may perhaps be due to the age-dependency for the induction of de novo LTD
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as we now know, using typical LFS (Dudek and Bear, 1992, 1993). Bidirectional

plasticity may in fact be mediated by distinct AMPAR subunit phosphorylation and
dephosphorylation where previously depressed synapses can be repotentiated by HFS
possibly through phosphorylation at ser-845 on the GluAl, meanwhile previously
potentiated synapses can be depotentiated through dephosphorylation at ser-831 on the
GluAl (See Figure 10; (Lee et al., 2000, 2003)).

_~ HFS - CaMKIl activation LFS - PP1 & PP2 activation N

LFS - PP1 & PP2 activation #~ - HFS - PKA activation

\ ser845
ser831

\ ser845

Potentiated Baseline Depressed

Figure 10. GluA1 Phosphorylation States in Bidirectional Synaptic Plasticity.

Different serine residues are phosphorylated or dephosphorylated depending on the previous
activation state of the AMPAR. At baseline conditions (center) the GluA1 subunit of the AMPAR
is phosphorylated at serine-845. Following low frequency stimulation (LFS) this site is
dephosphorylated (right) via activation of protein phosphatases 1 and 2 (PPl and PP2
respectively) among other cascades. High frequency stimulation (HFS) from baseline leads to
phosphorylation at serine-831 (left). If LFS is delivered as in depotentiation it is hypothesized
that this leads to dephosphorylation at serine-831but not a serine-845. It should be noted that this
process is overly simplified and other subunits of the AMPAR can be phosphorylated and
dephosphorylated to affect its function and ultimately possibly the lateral diffusion and
internalization of the receptor as in long-term depression.
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1.7.6. Involvement of Synaptic Plasticity in Learning & Memory
Synaptic plasticity in the form of both LTP and LTD have long been thought to

underlie behavioural learning and memory. The synaptic plasticity and memory
hypothesis is a basic foundation that has been used to study the involvement of LTP,
LTD and other forms of synaptic plasticity in learning and memory (Martin et al., 2000).
This hypothesis states that synaptic plasticity occurs during normal brain activity and that

this plasticity is both necessary and sufficient for memory formation and storage.

Intense investigation has sought to provide direct evidence that synaptic plasticity,
as it is known, is responsible for learning and memory. The functional significance of
LTP in the behaving animal is far better understood than that of LTD, and has been
reviewed by others (Bliss and Collingridge, 1993; Lynch, 2004). Behavioural learning in
simple associative tasks has been associated with potentiation of the fEPSP in the CA1 as
measured in vivo (Gruart et al., 2006; Whitlock et al., 2006). These potentiated fEPSPs
decayed during extinction of the learned association and the potentiation, as well as the
learning itself were found to be NMDAR-dependent (Gruart et al., 2006). The seemingly
learning-induced potentiation of the fEPSPs occluded further electrophysiologically-
stimulated LTP and was associated with increased phosphorylation at ser-831 of the
AMPAR (Whitlock et al., 2006). Pharmacological blockade of NMDARs (via delivery of
antagonists either intracerebroventricularly or intrahippocampally) blocks spatial memory
at concentrations known to impair LTP in vitro (Davis et al., 1992; Morris, 1989; Morris
et al., 1986). In the piriform cortex, a paleocortical structure thought to be important for
olfactory encoding similar to the hippocampus, NMDAR blockade is sufficient to impair
odor preference memory and an agonist of B-adrenergic receptors delivered directly to
this brain area while the animal is exposed to an aversive odor will produce a preference
memory for that scent without any other behavioural CS (Morrison et al., 2013). In this
same study, prior behavioural training occluded further LTP induction in the trained

piriform cortex without affecting LTP induction in the untrained contralateral cortex.

The case for the involvement of LTD in behavioural learning and memory

processes is more unclear. Most simply, LTD has been thought to be erasure of LTP and
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therefore forgetting of memory; however this differentiation between both ‘sides’ of
bidirectional plasticity is overly simplistic as there is now data to support an integral role
for LTD in memory formation (Christie et al., 1994; Kemp and Manahan-Vaughan, 2007;
Malenka and Bear, 2004; Pinar et al., 2017; Staubli and Lynch, 1990). In fact, LTD has
been associated with the reversal of memories of spatial locations in the MWM task, and
suggest the involvement of its mechanisms in object exploration tasks (Dong et al., 2012,
2013). In freely-moving awake animals, exploration of a novel environment facilitated
CA1 LTP whereas exploring novel objects within that environment facilitated CA1 LTD
(Kemp and Manahan-Vaughan, 2004). This CA1 LTD could also be induced by moving
the location of previously-explored objects within an environment. Depotentiation was
also observed in this study when the animals were exposed to a novel object-containing
environment following delivery of the HFS. In an extension of this work a similar
phenomenon was found in the DG where LTP was facilitated by exploration of an empty
novel environment however with respect to LTD a subregion-specific effect was found
where CA1 LTD was facilitated by small novel features of objects while DG LTD was
facilitated by large novel cues that provided orientational information (Kemp and
Manahan-Vaughan, 2008). Together these studies support a role for hippocampal LTD in
novel object investigation and the use of these objects as navigational cues to help orient

the organism within an environment.

1.7.8. A Dynamic Range of Synaptic Plasticity
While it may be tempting to consider LTP, LTD and depotentiation as separate,

unique entities it is perhaps more appropriate to view these processes on a sliding scale of
potential plasticity for a given circuit. We know that for both LTP and LTD there are
absolute maxima and minima that can be reached as a result of the type, intensity,

duration and timecourse of CS used.

1.7.9. Impact of Sex Hormones on Plasticity
Sex hormones are produced both systemically by the gonads and locally in the

hippocampus and can influence structural and synaptic plasticity. As progesterone,

androgens and estrogens are interrelated particularly in their biosynthesis investigations
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of the impact of these hormones on receptor function and subsequent plasticity can be
challenging without the use of synthesis and degradation enzyme inhibitors. Estradiol
classically acts through its two intracellular receptors, estrogen receptor o (ERa) and
estrogen receptor 3 (ER[), but can also impact receptor function at the synapse through

NMDAR, mGluR and g-protein-coupled estrogen receptors (Ooishi et al., 2012).

The vast majority of the field has focused on the impact of these hormones on
CAL synaptic plasticity, and most prominently on LTP; however emerging evidence has
implicated a role for sex hormones on DG LTP (Frick et al., 2015). Exogenous estradiol
is known to enhance NMDAR-dependent LTP (Cordoba Montoya et al., 1997; Foy,
2001, 2011) in both males and females, and a similar facilitation of CA1 LTP is seen in
the naturally-cycling female rat (Warren et al., 1995). This effect is thought to be
mediated through the ability for estradiol to increase glutamate binding to the NMDAR
(Woolley et al., 1997). Furthermore the effect of estradiol appears to be differentially
mediated based on its binding to either ERa or ER. In the juvenile male DG LTP is
facilitated by estradiol’s actions through ERa whereas plasticity is suppressed through
the actions on ERP (Tanaka and Sokabe, 2013) however evidence in adult males has
shown that ERB facilitates DG LTP (Kramar et al.,, 2009). Juvenile castrated males
treated with testosterone and normally-developing adult males display CAl LTD
following tetanic stimulation that would produce normal LTP in castrated males treated
with testosterone at adulthood, and in castrated, untreated males (Hebbard et al., 2003)

indicating an age-dependent effect on synaptic plasticity.

The study of the impact of sex hormones on hippocampal LTD is complicated by
the age-dependent nature of this form of plasticity (see (Pinar et al., 2017) for review).
While there is evidence that estradiol has a similar effect on LTD as it does on LTP,
variance in animal age, dosage and duration of exogenous hormone treatment and LFS
protocols used have yielded inconsistent results. For example estradiol treatment in
ovariectomized female rats rescued LTD in some studies (Day and Good, 2005;
Desmond et al., 2000) but not in others (Sharrow et al., 2002). Furthermore LTD was

enhanced following pre-treatment with estradiol in adult males (Mukai et al., 2007b,
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2007a; Murakami et al., 2015) although this effect has not been seen consistently

(Vouimba et al., 2000). In contrast one clear role for estradiol is in the suppression of
LTD in aged male and female offspring (Foster and Kumar, 2007; Foy et al., 2008;
Norris et al., 1996) where it is thought that estradiol may protect against age-related

memory decline at least in part through its actions on LTD.

Evidence for the involvement of estrogens in synaptic plasticity is paralleled by
the influence of these hormones on structural plasticity. In the CAl, there is clear
evidence that spine densities on pyramidal neurons fluctuate with the estrus cycle in
females, with densities being highest during the proestrus phase when estradiol is
similarly at its peak concentration (Li et al., 2004; Oberlander and Woolley, 2016;
Woolley et al., 1990; Woolley and McEwen, 1993, 1994). While estradiol is associated
with increased neurogenesis in the DG (see (Galea, 2008; Trivifio-Paredes et al., 2016)
for reviews), evidence for estradiol-mediated changes in spine densities have yet to be

uncovered in granule cells (Woolley et al., 1990).

1.8. The PNEE Hippocampus
The hippocampus is particularly vulnerable to the teratogenic effects of ethanol

both structurally and functionally (see (Berman and Hannigan, 2000; Fontaine et al.,
2016; Gil-Mohapel et al., 2010b; Medina, 2011) for review). While these effects vary by
PNEE model used, BEC achieved, timing of PNEE, postnatal age of interest, sex and
hippocampal subregion there are some emerging trends in the effects of PNEE on the

hippocampus.

1.8.1. Structure
The most consistent reports are of reduced pyramidal cell numbers and densities

in the CA1 region using a variety of PNEE models and timings of exposure (Bonthius
and West, 1990, 1991b). Even in similar liquid diet models of exposure, as is used in the
current dissertation, there are discrepancies in the effects on cell numbers and densities in

the hippocampal subregions that may be a result of stereological counting method and
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age of offspring. In juveniles following liquid diet PNEE CAL1 cell densities are reduced

(Miller, 1995; Wigal and Amsel, 1990) although the effects on DG cell densities are
mixed with reports of reductions when ethanol was delivered throughout gestation and
the early postnatal period (Wigal and Amsel, 1990) but not when exclusively either
gestational or postnatal unless the postnatal BECs were high (Miller, 1995). When
examining later in the lifespan reductions in CA1l pyramidal neurons are maintained,
though there is little to no effect on DG granule cells despite the use of postnatal PNEE
paradigms with high BACs (Barnes and Walker, 1981; Bonthius and West, 1991b; Tran
and Kelly, 2003). Given that most DG granule cells are generated during this early
postnatal period it is unsurprising that gestational PNEE has not yielded significant
changes in DG granule cells, and it is possible that continued neurogenesis in the DG can
restore normal cell densities by adulthood. Even when ethanol exposure was restricted to
the later postnatal period (P10-15) there was no effect on either DG granule cells nor
CAl, CA2 nor CA3 pyramidal cells at either P16 or P30, with a significant effect only
being seen in a decrease in cells of the hilus of the DG (Miki et al., 2000b, 2000a, 2003).
Critically, these data support that PNEE leads to a permanent loss of pyramidal cells in
the CAl region. There is also some evidence that PNEE causes changes in cell
proliferation, neurogenesis and survival in the DG across the lifespan (see (Gil-Mohapel

et al., 2010a) for review).

1.8.2. Function; Learning & Memory
Learning and memory impairments are common features of FASD in the clinical

population (Mattson et al., 2011; Rasmussen et al., 2006, 2008). The use of animal
models has also provided evidence that there are learning and memory deficits following
PNEE; and in particular in spatial learning and memory, behavioural domains known to

involve the hippocampal formation.

The Morris water maze (MWM) is commonly used to study learning and memory
in animals, and a virtual version of this task has recently shown impairments in young
children with FAS (Hamilton et al., 2003). Similarly, while children with FAS are able to

recall a series of objects immediately, their memories for these objects decays more
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quickly after a delay than non-FAS subjects. These children are also deficient in
reproducing spatial arrangement of shapes and in correctly arranging numbers and shapes
on the face of a drawn clock, indicating possible hippocampal dysfunction but also
damage to other high-order structures of the brain (Uecker and Nadel, 1996). In a
longitudinal study of youth exposed to prenatal ethanol memory problems were some of
the most highly-correlated measures with teratogen exposure (Streissguth et al., 1994).
The use of imaging tools have helped uncover some possible underlying functional
changes in learning and memory-related brain structures such as the hippocampus. In
young people (aged 10-18 years) exposed to heavy prenatal ethanol impaired spatial
working memory was associated with elevations in BOLD responses as measured by
fMRI while undergoing the task (Spadoni et al., 2009). Learning and memory deficits
appear to persist into adulthood and are associated with long-term reductions in
hippocampal volume (Coles et al., 2011). Animal models of PNEE have been invaluable
in uncovering specific learning and memory impairments and their potential mechanistic
underpinnings in a way that imaging studies in humans cannot (Berman and Hannigan,
2000). Behaviourally, the impact of PNEE on spatial learning and memory has been well-
documented on tasks such as the MWM, in radial arm mazes, and in various forms of

object recall.

The MWM is likely the best-studied spatial learning and memory task used in
rodents and performance on this task is impaired in young weanling animals following
PNEE. Specifically, these animals have longer latencies to find a hidden platform, and
have poor memory for the spatial location of the platform on probe trials (Blanchard et
al., 1987; Goodlett et al., 1987). Sex differences in learning and memory in the MWM
task have also been reported with pubertal (P36+) female offspring being more severely
impacted than males by PNEE (An and Zhang, 2013). When delivering ethanol during
the early postnatal period (P7-9), as juveniles, male offspring experienced significant
deficits in place learning that were not evident during this period of exposure in females
(Goodlett and Peterson, 1995; Johnson and Goodlett, 2002a). In older animals following
PNEE it is possible that at low and moderate BECs the effects on spatial learning and

memory may be more subtle, as deficits are not consistently reported at this age (Abel,
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1979; Christie et al., 2005; Gianoulakis, 1990; Kelly et al., 1988; Kim et al., 1997). This

has led to the use of more complex forms of the task by either extending the delay
between training or testing (Matthews and Simson, 1998), or studying the ability of the
animals to adapt to changing spatial locations of the platform (Savage et al., 2002).
Others have found that despite a lack of evident learning and memory impairment in the
MWM, adult PNEE guinea pigs employed an alternative search strategy which involved
increased thigmotaxic behaviour around the edge of the pool prior to navigating to the
platform (McAdam et al., 2008), although this could be a result of an altered stress
response or increased anxiety characteristic of PNEE animals (Hellemans et al., 2010;

Osborn et al., 1998; Weinberg et al., 2008).

Aside from the use of the classic MWM task, other evaluations of spatial learning
and memory have been used to uncover deficits in PNEE offspring such as shock-
avoidance (Abel, 1979), radial arm mazes (Reyes et al., 1989), object learning and many
others. A recent study from our laboratory found that PNEE resulted in deficits in
temporal ordering behaviours but not in metric change at adulthood which are considered
to be CA and DG-dependent tasks, respectively (Patten et al., 2016a). While this study
did not find sex differences in learning and memory, other studies have begun examining

sex as a biological variable in the context of PNEE.

Despite the various methods of PNEE and learning and memory tasks there are
some emerging trends and interests from the field in general that have guided the current
study. First, that juvenile PNEE offspring appear to experience greater deficits than their
adult counterparts. This hypothesis is supported by the view that PNEE results in a
developmental delay that could be overcome with age, possibly through postnatal
neurogenesis in the hippocampus, nutritional support or some other mechanism of ‘catch-
up’. Second, an emerging interest in the field is to examine sex as a biological variable in
the context of FASD. Both clinical and pre-clinical studies have laid a foundation to

support that both sexes do not display identical patterns of disruption by PNEE.
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1.8.3. Function; Synaptic Plasticity
Hippocampal synaptic plasticity can be impaired by PNEE across the lifespan; the

degree of deficits varies by the PNEE model used, type of electrophysiological
recordings and hippocampal subregion examined (see (Fontaine et al., 2016; Pierrefiche

and Olivier, 2017; Pinar et al., 2017) for review).

1.8.3.1 CA1LTP

Synaptic plasticity in the CA1 region, specifically LTP, by far is the most studied
in the context of PNEE. Likely as a result of the sources of variability described above
despite being best studied, the impact of PNEE on CA1 LTP is inconsistent (no effect:
(Bellinger et al., 1999; Byrnes et al., 2004; Krahl et al., 1999; Tan et al., 1990); reduction
in magnitude: (An et al., 2013; Izumi et al., 2005; Kervern et al., 2015; Richardson et al.,
2002; Swartzwelder et al., 1988)). Given the scope of the present dissertation relevant
studies of LTP completed in juvenile animals will be discussed further. /n vivo LTP was
found to be impaired by PNEE (gavage 20% v/v EtOH throughout gestation) in juvenile
(P36) male offspring, whereas in females PNEE led to enhanced LTP (An and Zhang,
2013).

1.8.3.2 CA1LTD

The effect of PNEE on CA1 LTD is emerging through increasing interest in this
form of plasticity. In one study, PNEE (drinking water; 10% v/v EtOH throughout
gestation, lactation) led to a facilitation of NMDAR-dependent LTD in young adults
(P55) induced by both single pulse LFS (600 x 1Hz) and paired pulse LFS (900 x 1Hz;
200ms inter-pulse-intervals) in vitro (Kervern et al., 2015). The single pulse LFS was
insufficient to elicit LTD in control slices, indicating that PNEE may reduce the threshold
for LTD and thus facilitate its induction. This facilitation was accompanied by an
increase in the expression of the GluN2B subunit of the NMDAR in the synapse, and
suggests that there may be a PNEE-induced facilitation of NMDAR function in the slice
that may contribute to the enhancement of LTD. This study, however was conducted

using only male offspring. In a study from our laboratory, PNEE (liquid diet gestational)
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did not cause significant differences in LTD (LFS: 900 x 3Hz) in vivo (Titterness and

Christie, 2008).

Some recent studies have begun to investigate bidirectional plasticity following
PNEE. In vivo recordings in CA1 have also uncovered that PNEE leads to enhanced
magnitudes of depotentiation (induced by 900 x 1Hz LFS following established LTP) in
males at P36 following PNEE (gavage 20% v/v EtOH throughout gestation)(An et al.,
2013). In a follow-up of this study, the same result was obtained in male offspring of the
same age, however in female offspring there was an reduction in the magnitude of
depotentiation as a result of PNEE (An and Zhang, 2013). This study of bidirectional
plasticity in the CA1l following PNEE showed a sex-specific effect of PNEE in
adolescent animals, where the balance of synaptic plasticity is changed such that in males
the balance is shifted towards depotentiation and away from potentiation whereas in

females the opposite is true.

1.8.3.3 DG LTP

The effect of PNEE on DG LTP appears to be fairly consistent between studies,
although differences in the type of HFS, PNEE paradigm, offspring age and type of
electrophysiology can impact the experimental outcome. Generally, the magnitude of
LTP in the male DG is reduced by PNEE in adolescents and adults (Christie et al., 2005;
Patten et al., 2013a; Sickmann et al., 2013; Sutherland et al., 1997; Titterness and
Christie, 2012; Varaschin et al., 2010, 2014) in vivo. In adult (P105-140) male offspring
following PNEE impairments in LTP were only observed when a sub-optimal HFS was
used (3 tetanus trains), but not when stronger HFS (10 tetanus trains) was used as the CS
in vivo (Varaschin et al., 2010). While the specific mechanisms of these two types of LTP
were not investigated in this study, the administration of an antagonist of H; histamine
receptors reversed the LTP deficits. These data indicate that PNEE may lead to subtle
changes in plasticity, and in this case specifically to the threshold for the induction of
LTP. This study and the present dissertation support that examining ranges of synaptic
plasticity shed more light on the full impact of PNEE on plasticity and on learning and

memory impairments characteristic of this neurodevelopmental disorder. There is also
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evidence that the activity of mGluRss support the expression of sub-optimal LTP (Naie

and Manahan-Vaughan, 2005; Raymond et al., 2000; Raymond and Redman, 2002), and
the number and function of these receptors have been shown to be impaired by PNEE

(Galindo et al., 2004).

There is also emerging interest and evidence of sex differences in DG LTP as a
result of PNEE. A study from our laboratory found that PNEE (liquid diet gestational)
reduced the magnitude of LTP in males but enhanced the magnitude of LTP in females
(Titterness and Christie, 2012) in agreement with previous findings in the in vivo CA1
(An and Zhang, 2013). Interestingly, when a similar study was conducted using an
identical PNEE paradigm in adult offspring (P55-70) there was so significant effect of
PNEE on LTP in female offspring however the reduction in magnitude in males persisted
(Patten et al., 2013a; Sickmann et al., 2013), which suggests that perhaps there are some
compensatory mechanisms that exist in females either during puberty or through normal
aging in females that does not exist in males. In these studies, a relationship was
established between oxidative stress and the amount of the major antioxidant in the brain,
glutathione, and the PNEE-induced LTP deficits in males, however the same could not be
established in females. The use of a compound that acutely reduces glutathione in the
brain reduced the magnitude of LTP in control males to the level seen in PNEE-exposed
offspring, however it had no effect in the females (Patten et al., 2013a). Given these sex
differences, ovariectomies were performed to control for female sex hormones, but had
no effect on LTP and could not explain the apparent lack of differences as a result of
PNEE, although it does not account for hippocampal synthesis of sex hormones in these

animals.

Despite the consistent reports of sex differences in the impact of PNEE on LTP in
vivo, investigations of LTP in vitro have yielded different results. Using the same
paradigm of PNEE as the studies from the Christie laboratory described above (liquid
diet gestational), the magnitude of NMDAR-dependent LTP was reduced in adult
offspring of both sexes regardless of whether theta-burst stimulation (TBS) or HFS was
used as the CS (Helfer et al., 2012). Interestingly, the impact of PNEE on LTP in vitro is
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trimester-dependent as PNEE restricted to either the first trimester (GD 1-11) or third-

trimester (P 4-9)-equivalents had no effect, whereas PNEE during the second trimester
(GD 11-21)-equivalent was sufficient to affect the magnitude of LTP (Helfer et al.,
2012). The discrepancies in the findings in vitro and in vivo likely result from some
combination of the need to block GABAARS in vitro for the induction of LTP and the fact

that in the slice preparation hippocampal afferents and efferents are severed.

1.8.3.4 DGLTD

To date there have been no published investigations of the effect of PNEE on DG
LTD. Unpublished dissertation data (Dr. Jennifer Helfer) from the Christie laboratory in
adult offspring of both sexes applied prolonged LFS (LFS;300) to induce LTD and found
no effect of PNEE. The LFSg0 in this study may be too prolonged to visualize the
potentially subtle effects of PNEE on LTD however in these adults, the typical LFS (900
x 1Hz) was insufficient in inducing any synaptic depression. Interestingly this LTD was
also unaffected by pharmacological blockade of either the NMDAR or the mGluRs when
applied separately. It is possible that in the DG with prolonged LFS, both NMDAR and
mGIluR-LTD pathways could be activated and therefore blockade of the LTD may require
combined blockade of both NMDARs and mGluRs. Given the findings of imbalanced
bidirectional synaptic plasticity in the CA1 by PNEE in males and females, the present
dissertation aims to uncover whether the dynamic range of plasticity in the DG is affected

by PNEE in a sex-specific manner in juvenile offspring.

1.9 Current Project Aims
This dissertation aims to examine the impact of PNEE on glutamatergic synaptic

plasticity in the juvenile DG of both sexes. Some of the key aspects of this work and their
experimental rationales are described below. Throughout this dissertation we are
comparing DG synaptic plasticity of control and ethanol-exposed offspring within sex. A
small sample of pair-fed control experiments were also conducted as is standard to this
field of study and the plasticity in these animals are compared to control offspring in

Appendix B.
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The previous experimental evidence from our laboratory using the liquid diet
model of PNEE has suggested male-specific vulnerability in DG LTP at adulthood and
during puberty in vivo (Patten et al., 2013a, 2013b; Titterness and Christie, 2012),
however LTP is one single form of plasticity in the DG and it is possible that female
offspring are indeed affected although perhaps in some other form. While we were able
to establish a relationship between oxidative stress and impaired LTP in males, a similar
mechanism could not be identified in the females at adulthood, which may have been due
to some protective effects of sex hormones or that perhaps in female offspring the
unimpaired LTP may come at a physiological cost to other plasticity mechanisms such as
in LTD. In an effort to control for sex hormones in our previous work we ovariectomized
females at puberty however this does not control for locally-synthesized sex hormones in
the hippocampus. As a result, the present dissertation examines offspring of both sexes
prior to the onset of puberty and sexual maturity. Furthermore, this pre-pubertal age
range is particularly interesting as some of the CNS effects of PNEE become most
apparent in the classroom such as impaired attention, decision-making, learning and
memory and academic performance in general which can help identify children for
diagnostic investigation. Specific to the present area of study, in order to assess the
dynamic range of plasticity we must also examine LTD, whose magnitude has long been
recognized as being age-dependent in that during development (prior to adulthood) and in
aged offspring it is most easily elicited by standard LFS (900 x 1Hz). Additionally, we
will investigate whether the dynamic range of plasticity is affected by PNEE by
examining maxima and minima of synaptic efficacy in our slice preparation in these
animals. This work expands upon our recent work by examining the dynamic range of
bidirectional plasticity in young offspring of both sexes following PNEE. We hypothesize
that synaptic plasticity in the DG of young animals is impacted differently between the

sexes and as such the sexes have been evaluated separately.

Objective 1: To determine whether PNEE affects DG synaptic plasticity in juvenile male
and female offspring.
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Objective 2: To uncover whether PNEE restricts or shifts the dynamic range for
bidirectional DG synaptic plasticity.

Objective 3: To examine whether PNEE changes the capacity to shift between forms of
synaptic plasticity.

Objective 4: To identify mechanisms that underlie DG synaptic plasticity, which could
be impaired by PNEE.
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2.0MATERIALS & METHODS

2.1 Animals & Breeding

2.1.1 Animals
All procedures involving animals were performed in accordance with the

University of Victoria Institutional Animal Care Committee following the standards set
by the Canadian Council for Animal Care (Animal Use Protocol Number 2014-012/2018-
012).

2.1.2 Breeding
Adult male and virgin female Sprague dawley rats were obtained from Charles

River Laboratories (Quebec, Canada). Upon arrival and prior to breeding females were
housed in pairs and males were housed individually in clear polycarbonate cages with
corn cob bedding. The room was maintained on a 12-h light:dark cycle (lights on at 4am)
with constant humidity and temperature. Following acclimation for at least one week,
individual virgin females were paired with a breeding male. Vaginal smears using 0.9%
sodium chloride (NaCl) were performed at the beginning of each light cycle to determine
pregnancy. An upright light microscope was used to detect the presence of sperm.
Following the detection of sperm, the female was immediately re-housed individually in
a clear polycarbonate cage with nesting material and assigned to one of two prenatal diet

groups, and this day was defined as GD 1. As depicted visually in Figure 11.
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Figure 11. Experimental timeline

Dams were assigned to either the Ethanol (EtOH) or control prenatal diet conditions from
gestational day (GD)I1-22. The EtOH diet contained 35.5% EtOH-derived calories
(EDC). During gestation dam weights were recorded on GD1, 7, 14 and 21 (red arrows).
Pup and dam weights were then weighed on postnatal day (P)1, 3, 7, 14 and 21 (blue
arrows). On P21 pups were weaned into same-sex cages in triplet or pairs and were used
for juvenile in vitro electrophysiology between P21 and P28.

2.2 Prenatal Diet Treatments
Ethanol — Ad [libitum access to a nutritionally fortified liquid diet

(Weinberg/Keiver high protein liquid diet-experimental, no. 710324, Dyets Inc,
Bethlehem, PA, USA) containing 35.5% ethanol-derived calories (EDC) throughout
gestation (GD1-21). Dams were gradually introduced to the liquid diet over a three-day
period. On GDI1 one third of the ethanol diet was combined with two thirds of a similar
liquid diet containing no ethanol (liquid control diet as is administered for pair-feeding;
Described in Appendix B) on GD2 two thirds of the ethanol diet was combined with one
third of the pair-fed diet and finally from GD3-21 dams were supplied only with the
ethanol diet. On GD22, the typical day of birth, dams were re-supplied with standard
solid chow, which was provided throughout parturition. Dams in this condition typically
achieve BECs of 80-180mg/dl (Christie et al., 2005; Patten et al., 2013a, 2013b, 2016b;
Uban et al., 2010).
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Liquid diets were provided to animals approximately 2 hours prior to the
beginning of each dark phase for each day of gestation. The daily consumption of the diet
was recorded and the dam body weights were recorded on GDsl1, 7, 14 and 21.

Control — Ad libitum access to standard solid rat chow throughout pregnancy and

parturition. The dam body weights were recorded on GD1, 7, 14 and 21.

2.3 Litters & Weaning
On GD 22 dams gave birth and this was considered PO. The offspring were culled

to 12 pups on P1 to 6 pups of each sex, where possible. In the case of litter sizes over 12
pups that did not have milk spots or those that were smallest were culled. The dam
weight and total weight of male and female pups were recorded on P1, 3, 7, 14 and 21.
On P21 pups were weaned into same-sex triplets or pairs and were used for

experimentation as juveniles between P21 and P28.

2.4 Electrophysiology
The method for tissue preparation, slicing and electrophysiological recordings are

described below and depicted visually in Figure 12.

Offspring LTP
Tissue Slicing Slice Incubation

p Q . . RV 2
¢ ~ 30 min 60 min S LTD

DS \

Bidirectional
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P21-28 G 7#
——at—

D

Figure 12. In vitro slice electrophysiology preparation timeline

Juvenile male and female rats (postnatal day (P) 21-28) following either control or
ethanol diet exposure were anesthesized, rapidly decapitated and their brains quickly
excised, dissected and fixed with the medial (M), dorsal (D) and ventral (V) surfaces
arranged according to the diagram above. Over the course of 30 minutes the tissue is
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sliced in 400uM thick slices with a vibratome from V to D and transferred into a chamber
where they were incubated for at least 60 minutes. Individual slices were then placed on
electrophysiology rigs and recording (R) and stimulating (S) electrodes lowered into the
dentate gyrus as depicted (right) and randomly assigned to a variety of recordings, either
long-term potentiation (LTP), long-term depression (LTD) or bidirectional plasticity in
the form of depotentiation.

2.4.1 Slice Preparation
Between P 21-28 male and female offspring from each prenatal condition were

used for in vitro electrophysiology studies of DG synaptic plasticity. During this time no
female offspring displayed vaginal opening associated with sexual maturation. Animals
were deeply anesthetized with inhaled isofluorane USP (AVP, Fresnius Kabi) and rapidly
decapitated upon loss of toe and tail pinch reflexes. Brains were quickly excised and
submerged in cold artificial cerebrospinal fluid (aCSF; 125mM NaCl, 2.5mM KClI,
1.25mM NaH,POy4, 25mM NaHCO3, 2mM CaCl,, 1.3mM MgCl, and 1.4mM Dextrose)
that was equilibrated with carbogen (95% 0,/5% CO,). Transverse hippocampal slices
(400pm) were cut in aCSF using a vibrating blade (Feather razor blades, Ted Pella; Pelco
100 Vibratome Sectioning System, Ted Pella). The slices were then left undisturbed for a
minimum of 1 hour in warmed (32°C), carbogenated aCSF prior to being transferred to
the recording chamber. The use of the transverse hippocampal slice for in vitro slice
electrophysiology was first introduced by Knut Krede and Rolf Westgaard and is now
most commonly used as it provides access to the hippocampus and fibre alignment that

are ideal for studying synaptic plasticity (Skrede and Westgaard, 1971).

2.4.2 Recordings
Following a minimum of 1 hour of recovery slices were transferred to the

recording chamber continuously perfused with aCSF maintained at 30°C for all
electrophysiology experiments. Slices were visualized using an upright microscope
(Olympus BX50WI) where extracellular field potentials were recorded using a glass
pipette (made from 0.86 inner diameter, 1.5mm outer diameter borosilicate glass pulled
by a Model P-1000 Flaming/Brown micropipette puller, Sutter Instruments) filled with

aCSF and placed in the dendritic field of DG granule cells (with a resistance of between
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0.5-1 MOhm). A concentric bipolar stimulating electrode (FHC) was lowered into the

MPP input to the DG (see Figure 13 for representative placement) and delivered test
pulses (0.12ms pulse width) in order to optimize placement and the resulting fEPSP.
Resulting fEPSPs were optimized such that the maximal amplitude of the response was at
least 0.8mV in an effort to ensure that healthy responses, with the capacity to increase

and decrease in fEPSP slope were included in this study.

Electrophysiological data were recorded with a Multiclamp 700B (Molecular

Devices) and acquired with pClamp 10.5 (Axon Instruments).

Following placement, maximal responsiveness was determined by increasing the
stimulus strength, which was then set at the intensity required to elicit either 50% (for
LTP) or 70% (for LTD) of the maximum for each individual slice. During pre-
conditioning recordings, a single pulse was delivered every 15s at this determined
stimulus intensity until the slope of the resulting fEPSP was stable for at least 20 minutes
(80 traces). This step is critical as it is a baseline measurement against which the
magnitudes of plasticity are evaluated. As such, all slices that are included for analysis
have met the inclusion criteria described below during this baseline period. PP and input-
output (I/O) curve experiments were then briefly conducted in order to evaluate whether
PNEE altered presynaptic neurotransmitter release probability (PP ratio) or
responsiveness to increasing stimuli (I/O). The paired pulse (PP) experiment consisted of
the delivery of pairs of pulses (50 ms inter-pulse interval) five times with 15s between
pairs of pulses. I/O curves were generated by gradually increasing the stimulation pulse

width with the stimulation intensity kept constant (30-300 ps pulse width; 15s intervals).



Figure 13. Electrode placement in the juvenile dentate gyrus for in vitro

electrophysiological recordings.

(A) Simplified diagram of the trisynaptic hippocampal circuit with the approximate placement
of the recording pipette (left) and stimulating electrode (right) in the suprepyramidal blade of the
dentate gyrus (DG). The lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC)
project to the DG forming the lateral perforant path (dotted blue line) and the medial perforant
path (solid blue line) and synapse on DG granule cells (green). The granule cells project to the
cornu ammonis 3 (CA3) pyramidal cells (pink) which then project to CA1 pyramidal neurons
(purple). The CA1 pyramidal neurons project to the subiculum (Sub). It should be noted that the
LEC and MEC can also project directly to other regions of the CA including the CAl (yellow
dotted and solid lines). (B) Photomicrograph of an in vitro hippocampal slice showing the
placement of the recording pipette (left) and the stimulating electrode (right) in the medial
perforant path.

2.4.3 Conditioning Stimulus Protocols
Following the assessment of basal synaptic transmission, slices were randomly

subjected to the appropriate conditioning stimulus (CS) protocols for LTP or LTD. For
LTP HFS was delivered as 4 trains of 50 pulses at 100Hz with a 30 second inter-train-
interval (0.24 ms pulse width) in the presence of a GABA, inhibitor, bicuculline
methiodide (BIC, 10uM, MJS Biolynx Inc). For LTD, low frequency stimulation (LFS)
was delivered at 900 (LFSqp) or 1800 (LFSig00) pulses at 1Hz for 15 or 30 minutes
respectively (0.24ms pulse width).

2.4.4 Drug Information
In order to determine underlying mechanisms for the LTP and LTD measured in

these studies a number of inhibitors were used. Pharmacological inhibitors were

dissolved and aliquoted in dH,O unless otherwise specified and stored at -20°C until use
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at which time they were thawed and diluted in aCSF to the appropriate concentrations
described below. Drug aCSF was bath applied following establishment of 20 minutes of
stable pre-conditioning recording for 10 minutes of additional pre-conditioning recording,
throughout the PP and I/O experiments and throughout the desired CS (see Figure 14).
For all recordings the post-conditioning recordings were all done under bath application
of normal aCSF. Antagonist drugs used in these studies consist of DL-2-Amino-5-
phosphonopentanoic acid (DL-APV; 50uM; Tocris Bioscience), 2-Methyl-6-
(phenylethynyl)pyridine (MPEP; 10uM; Tocris Bioscience) and nimodipine (NIMO;
20uM, Tocris  Bioscience) and  N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251; 4uM, Tocris
Bioscience) and Tat-GluA2sy (10uM; Generously donated by the laboratory of Yu Tiang
Wang, University of British Columbia). DL-APV is a competitive NMDAR antagonist
that binds to the glutamate binding site on the receptor. MPEP is a potent and selective
non-competitive antagonist to the mGluRs. NIMO is an L-type calcium channel blocker.
AM251 is a potent, selective inverse agonist for the CBI1 receptor and was dissolved in
15% DMSO (final concentration in aCSF: 0.075% DMSO). Tat-GluA2sy is a synthetic
peptide that has been used to prevent phosphorylation of the tyrosine residues on the
GluA2 subunit which in turn prevents endocytosis of the receptor, which is classically
associated with LTD (Ahmadian et al., 2004; Dong et al., 2012; Fox et al., 2007). Given
that the actions of this compound are on the intracellular c-termini of AMPARs, the drug
was washed over the slice for 20 minutes of pre-conditioning recordings, during LFS and

for the initial 30 minutes of post-conditioning recordings.
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Figure 14. Electrophysiology protocol timelines.

Pre-conditioning recordings consist of 20 minutes of stability prior to administration of
other protocols such as PP, 10 and the conditioning stimuli (CS). Following either CS (HFS or
LFS) post-conditioning recordings take place for 60 minutes. (A1) Protocol timelines for LTP for
single HFS (top) and multiple HFS (bottom) recordings. (A2) Protocol timeline for LTP
mechanism experiments where drug delivery occurs for 10 additional minutes of pre-
conditioning, during PP and 10 and the HFS. (B1) Protocol timelines for LTD for 900x (top) and
1800x (bottom) 1Hz LFS. (B2) Protocol timeline for LTD mechanism experiments where drug or
drug cocktail delivery occurs for 10 additional minutes of pre-conditioning, during PP and 10 and
the LFS. (C) Protocol timeline for depotentiation experiments where following 60 minutes of
post-conditioning 1 LFS is delivered and followed by a 30-minute post-conditioning 2 recording.
Abbreviations: BIC: bicuculline methiodide; 10: input-output; HFS: high-frequency stimulation;
PP: paired pulse; LFS: low-frequency stimulation.

2.4.5 Data &Statistical Analyses
Data Analyses Software: Electrophysiological data were initially analyzed using

Clampfit 10.5 (Axon Instruments), basic functions in Microsoft Excel 2010 and statistical
comparisons were made using R Studio. Graphs and tables were assembled in Microsoft

Excel 2010 and CorelDraw X6.
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Paired-Pulse Measurements: In PP experiments, the initial slope of the average
second fEPSP were compared to that of the first fEPSP and used to generate a ratio of the

second pulse relative to the first.

Input/Output (I/O) curve analysis: /O curves were generated by comparing the
initial slopes of the fEPSPs relative to the stimulation pulse width (from 30-300 ps). All

data are represented as the mean + the standard error of the mean (SEM).

Synaptic Plasticity Analysis: For synaptic plasticity experiments, the initial
slope of the fEPSPs in the pre-conditioning recording were determined and used to
generate an average pre-conditioning slope to which all slope measurements were
compared as a percentage of change from that average value. The initial slope of the
fEPSPs in the post-conditioning recordings were determined and expressed as a
percentage of change from the average pre-conditioning slope value. The average
percentage of change of the fEPSP slope over the course of one minute (4 traces) was
calculated and expressed graphically for both pre-conditioning and post-conditioning
recordings. To quantify short-term plasticity and long-term plasticity, the average
percentage of change in the post conditioning from 0-1 minutes and 55-60 minutes

respectively, were compared.

Inclusion Criteria: In order to make appropriate statistical comparisons for
potential changes in synaptic plasticity, it is critical to begin with a stable baseline
recording period. Responses from slices were considered stable when (1) the fEPSP slope
value did not differ by any more than + 10% of the average fEPSP slope value and (2)
there was no drift in the fEPSP slope value (i.e. the slope of the line of best fit for the
baseline period did not exceed | + 0.5 |. Additionally, in order to draw meaningful
conclusions regarding any potential changes to magnitudes of synaptic plasticity, the
fEPSP slopes during the post-conditioning period of analysis (minutes 55-60) must also
be relatively stable. Unstable pre- or post-conditioning recordings during the time

windows of analysis can mean that average values may not be truly representative of the
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sample, and may not reflect the actual stability or magnitude of plasticity and could
indicate instability in the experimental setup. As such, slices included for analysis in this
dissertation maintained a stable fEPSP slope from minutes 55-60 where the slope of a
line of best fit drawn for these values did not exceed | £ 1.5 I. All data are represented as

the mean + SEM.

Cumulative Probability Analysis: For cumulative probabilities, average
magnitudes of plasticity (either LTP or LTD) are ordered from least to greatest, and are
graphed against the actual frequency of the distribution of the data. The accompanying
actual frequencies can be used to determine what proportion of the dataset fall at or
below the specified value. These graphics can be helpful in illustrating the distribution of
a dataset in order to better understand how experimental groups (in this case two diet

conditions) may or may not be statistically significantly different.

Statistical tests: Comparisons between control and PNEE groups are analyzed
separately by sex as a result of a priori hypotheses that the sexes are differentially
affected by the teratogen exposure. As such, for comparisons of magnitudes of plasticity
between the control and EtOH conditions, a two-tailed student’s t-test was used. Where
statistical significance was reached using the t-tests (p < 0.05), the effect size was

calculated using Cohen’s d.
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3.0 RESULTS

Throughout this dissertation a priori hypotheses regarding the effects of PNEE on
both sexes, results from male and female offspring are statistically analyzed separately.

All data are represented as the mean + the SEM.

3.1 Developmental Data
Dams randomly assigned to either the control or EtOH condition were weighed

throughout gestation until the day before birth (GD 21). Both control and EtOH-exposed
dams consistently gained weight over the course of 22 days of gestation (Control: 51.80 £
8.03 %; EtOH: 46.46 + 2.38 %; Table 2). There were two dam mortalities in each
condition related to dystocia, or complications during the birthing process which typically

involve pups becoming lodged in the birth canal.

Table 2. Maternal Weight Gain During Gestation

Pregnant Sprague-Dawley rats were weighed on the day that sperm was found (designated as
gestational day (GD) 1) and then once weekly on GD 7, 14 and 21 prior to giving birth on GD 22.
Average weights are expressed + the standard error of the mean (SEM).

Average Control Ethanol
e ———— — — — — ¥ ¥ ¥ ¥ ¥ N b ——

Weight at 230.24 + 11.96 232.63 +10.70
GD 1 (9)
Weight at 250.51 +12.76 24431 +12.41
GD 7 (9)
Weight at 276.71 +13.43 270.66 + 12.12
GD 14 (9)
Weight at 344.71 +12.08 341.09 + 17.66
GD 21 (g)

% Weight Gain 51.80 + 8.03 % 46.46 + 2.38 %
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Both control and EtOH-exposed dams gave birth on average on GD 22. Prenatal
diets had no effect on neither the size of the litter nor on the number of male or female
pups born (piitter size = 0.562; Pmates = 0.461; Premates = 0.723; Table 3). The offspring were
weighed regularly on P1, P3, P7, P14 and P21 (see Table 4). Over the course of early
postnatal development all pups gained weight (see Figure 15), although the percentage of
pup weight gain was not significantly different between groups nor between groups when
separated by seX (Piotalgain = 0.982; Pmatcgain = 0.808; Premategain = 0.586). There was a
transient effect of the ethanol prenatal diet treatment where at P1 and P3 there was a
significant reduction in the weight of male offspring (pp; = 0.0066*; pp3 = 0.014"), and
there was a trend toward significance in females at P7 (p = 0.052) although there were no

other significant effects of prenatal diet on offspring weights in either sex.

Table 3 Offspring Numbers

Litter size and number of male and female offspring were evaluated on the day after birth (P1).
PNEE had no significant effect on the number of pups in each litter nor on the number of male or
female pups in each litter. Following this, litters were culled to 12 total pups and to 6 pups of
each sex where possible. The average numbers are expressed below + the SEM. A two-tailed
student’s t-test was used to compare the outcomes between the prenatal diet conditions. Statistical
significance was considered when p < 0.05.

Average Control Ethanol
e —— — N N — — ¥ ¥ —— — — ¥ ¥ — ¥ ¥
Litter Size 12.00 + 0.60 11.50 + 0.60
Nmales 6.40 £ 0.64 5.63 +0.80
Nfemales 5.60 + 0.52 5.88 + 0.58

Table 4. Offspring Weight Gain

Average offspring weight gain separated by sex starting on the day after birth (P1) to weaning
an experimental use (P21). On P1 litters were culled to 12 pups consisting of 6 pups of each sex
where possible. A two-tailed student’s t-test was used to evaluate the effect of prenatal diet
treatment within sex and age. PNEE had no effect on offspring weight at any age in female pups,
however it significantly reduced male pup weights at P1 and P3 but at no other age. The average

weights are expressed below * the SEM. Statistical significance was considered when p < 0.05
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and is indicated using distinct symbols (* or A), indicating statistical significance from the values
indicated with the identical symbol within this table.

Average Control Pup Weight Average Ethanol Pup Weight
Weight (9) (9)
Male Female Male Female
P1 8.13 £0.16* 6.93+0.49 7.20 + 0.24* 6.58 £ 0.29
""""" P3| 10.69+0.36" | 894+063 | 929+035 | 879+037
""""" P7 | 16.83+067 | 16.45+055 | 1548+0.83 | 14.15+0.91
"""" P14 | 29.71+257 | 30.85+1.39 | 29.70+1.37 | 2818+1.30
"""" P21 | 5552+3.72 | 4869+531 | 48.34+253 | 4443+241
A B
60 - 60 1
—e—Control Male -Control Female T
50 T 50 - ,
—4—Ethanol Male 1 Ethanol Female +
C) B /4
£ 40 1 E 40
S e .
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Figure 15. Average offspring weight gain

Average offspring weights for males (A) and females (B) following consumption of either solid
chow control or ethanol-containing liquid diets from postnatal day (P) 1 - 21. Points are the
average individual offspring weights by condition and error bars represent the standard error of
the mean. * and * indicate significant differences (p < 0.05) in weight between the ethanol and
control conditions at a particular age.
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3.1.1 Ethanol Liquid Diet Consumption
Dams assigned to the EtOH condition were provided with ad libitum access to an

EtOH-containing liquid diet in the place of standard solid rat chow. Dams consumed on
average 66.25g + 3.75g of the liquid diet daily, with variability in volumes from 48.59g
and 85.70g per day. Animals in this condition consumed on average 13.57 £ 0.39
g/kg/day ethanol. There was variability in the average daily data with ethanol
consumption ranging from 11.58 g/kg/day to 14.96 g/kg/day between dams.

3.2 Basic Electrophysiological Parameters.

In order to determine whether PNEE affects NT release or postsynaptic
responsiveness we examined PP plasticity and [/O curves respectively. These
experiments were conducted prior to measurements of long-term plasticity (LTP or
LTD). The results of these experiments can aid in the interpretation of potential
mechanisms by which PNEE alters synaptic communication and plasticity. As such and
as described by the methodological timelines in Figure 14 PP plasticity and I/O curves
were examined under regular aCSF conditions (as in LTD recordings) and under the
influence of GABA, inhibition by BIC. Our results indicate that PNEE does not
significantly change PP plasticity in either sex or when GABARSs are inhibited by BIC
(Figure 16). In males, the PPR in EtOH-exposed offspring (0.997 £+ 0.0646) and in
controls (1.027 £ 0.0315) was not found to be statistically significantly different by a
two-tailed student’s t-test (p = 0.568; Figure 16 Al). Similarly during BIC wash-in PPRs
in EtOH-exposed (1.199 + 0.0496) males and controls (1.238 + 0.0470) were not
significantly different from one another (p = 0.572; Figure 16 B1). In females, PPRs in
EtOH (1.044 £ 0.0271) and control (1.112 £ 0.0206) were not significantly different (p =
0.0647; Figure 16 A2) nor were they different when exposed to BIC (EtOH: 1.265 +
0.0512; Control: 1.193 £0.0562; p = 0.367; Figure 16 B2).
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Figure 16. Paired Pulse Plasticity is Unaffected by PNEE.

The ratios of the slopes of the second pulse relative to the slopes of the first pulses are
unaffected by PNEE in males (A1) nor in females (A2) nor when GABAsRs are blocked by BIC
as in LTP recordings in males (B1) or females (B2). Bars represent average paired pulse ratios
and error bars represent standard error of the mean (SEM).

In order to assess whether PNEE changes postsynaptic responsiveness to our
stimuli we constructed an I/O curve of increasing pulse widths and the resulting fEPSP
slopes (Figure 17). Given that for our LTP recordings we used BIC to inhibit GABAA we
also constructed I/O curves in the presence of BIC. In males without BIC, PNEE resulted
in significantly reduced fEPSP slopes on average at 90 (p = 0.0292), 120 (p = 0.005), 150
(p = 0.0035), 180 (p = 0.005), 210 (p = 0.0023), 240 (p = 0.0032), 270 (p = 0.0046) and
300 ps (p = 0.0053) pulse widths. Under no other conditions was the I/O curve
significantly affected by PNEE.
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Figure 17. PNEE Results in Changes to the Input-Output Curve only in Males Without
GABA, Blockade.

Postsynaptic responsiveness to increasing pulse widths is reduced by PNEE in males (A1) but
not in females (A2) when GABA, is not inhibited by bicuculline methiodide (BIC) prior to LTD
recordings. Under BIC conditions, the input-output curve is unaffected by PNEE in both males
(B1) and females (B2). Points represent average fEPSP slopes by group and error bars represent
the standard error of the mean (SEM). * represent p < 0.05 relative to control levels at the same
pulse width.

3.3 Long-Term Potentiation
Measures of short and long-term potentiation were evaluated following the

delivery of a CS in the form of HFS (4 trains 50 x 100Hz) in the presence of BIC
(10uM). PTP was determined as the average percentage of change in the fEPSP slope
relative to the baseline for minutes 0-1. LTP was determined as the average percentage of

change in the fEPSP slope relative to the baseline for minutes 55-60.

3.3.1 Long-Term Potentiation in Males
HFS led to an immediate increase in the percentage change of the fEPSP slope in

both the Control (PTP: 148.04 + 13.60 %; n = 8 slices, 5 animals, 3 litters) and EtOH
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(PTP: 112.36 £ 14.54 %; n = 8 slices, 5 animals, 3 litters) males, but this PTP was not

statistically significantly different between diet conditions as per a two-tailed student’s t-

test (p = 0.0948; Figure 18 A, D).

We hypothesized that, as per our previous findings, PNEE would significantly
reduce the magnitude of LTP in males and therefore ran a one-tailed student’s t-test to
compare the magnitude of LTP in the present study. EtOH males (LTP: 47.76 £ 11.76 %;
n = 8 slices, 5 animals, 3 litters) had significantly reduced magnitudes of LTP (p =
0.00670) as compared to their control male (LTP: 91.81 + 17.18 %; n = 8 slices, 5
animals, 3 litters) counterparts (Figure 18 B, C, D). The effect of PNEE on the magnitude
of LTP in males was found to be large (d = 1.06).
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Figure 18. Short- and Long-Term Potentiation in Males Following PNEE

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the high frequency stimulation (HFS; black arrow in D). (B) Long-term
potentiation (LTP) was measured as the average percentage of change in the fEPSP slope relative
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to baseline for minutes 55-60 following delivery of the HFS. Bars represent the average
percentage of change in the fEPSP slope for PTP (A) and LTP (B) with points representing the
average PTP and LTP for each individual slice in this dataset. (C) Representative traces of the
average fEPSPs in the control (dark blue, above) and ethanol (light blue; below) for the baseline
recordings (dotted lines) and average LTP (solid line). The scale bar represents 0.2mV by 5Smsec.
(D) Average LTP recordings from the beginning of baseline to the end of the post-conditioning
recording. Dots represent the average percentage of change in the fEPSP slope relative to baseline
and the error bars represent the SEM. Neonwol = 8 slices, 5 animals, 3 litters; Ngon = 8 slices, 5
animals, 3 litters * p < 0.05.

3.3.2 Long-Term Potentiation in Females
PTP was measured as the average percentage of change in the fEPSP slope for

minutes 0-1 following HFS, and was elevated above baseline in both Control (PTP:
123.83 £ 17.75 %; n = 7 slices, 5 animals, 2 litters) and EtOH-exposed (PTP: 95.11 +
13.77 %; n = 11 slices, 5 animals, 3 litters) females, although there were no statistically

significant differences between conditions (p = 0.224; Figure 19 A,D).

HEFS led to a long-term increase in the average percentage of change in the fEPSP
slope in both conditions, measured as LTP from time 55-60 minutes after the HFS. In
controls (LTP: 74.82 £ 7.53 %; n = 7 slices, 5 animals, 2 litters) significantly greater
magnitudes of LTP were elicited than in EtOH-exposed (LTP: 29.67 £ 7.66 %; n = 11
slices, 5 animals, 3 litters) female offspring (p = 0.000756; Figure 19 B, C, D). The effect
of PNEE on the magnitude of LTP in females was found to be large (d = 1.92).
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Figure 19. Short- and Long-Term Potentiation in Females Following PNEE.

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the high frequency stimulation (HFS; black arrow in D). (B) Long-term
potentiation (LTP) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the HFS. Bars represent the average
percentage of change in the fEPSP slope for PTP (A) and LTP (B) with points representing the
average PTP and LTP for each individual slice in this dataset. (C) Representative traces of the
average fEPSPs in the control (orange, above) and ethanol (yellow; below) for the baseline
recordings (dotted lines) and average LTP (solid line). The scale bar represents 0.2mV by Smsec.
(D) Average LTP recordings from the beginning of baseline to the end of the post-conditioning
recording. Dots represent the average percentage of change in the fEPSP slope relative to baseline
and the error bars represent the SEM. * p < 0.05. Neontror = 7 slices, 5 animals, 2 litters; Ngop = 11
slices, 5 animals, 3 litters.

3.3.3 Mechanism of LTP
As there are many mechanisms for a variety of forms of LTP, it was important to

characterize the underlying receptors whose function may be impaired by PNEE. These
exaperiments can help identify therapeutic targets for overcoming PNEE-induced

deficits. Previous work from our laboratory using this HFS has been found to be
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NMDAR-dependent thus we used the competitive antagonist DL-APV (50uM) for the
last 10 minutes of the pre-conditioning recording and during the delivery of the HFS in

control male and female offspring (see Figure 14 for schematic timeline).

The NMDAR antagonist DL-APV significantly attenuated both PTP (Control:
148.04 + 13.60 %; n = 8 slices, 5 animals, 3 litters; DL-APV: 28.20 + 4.04 %; n = 3
slices, 2 animals, 1 litter; Figure 20; p = 2.79 x 10”) and blocked LTP (Control: 91.81 +
17.18 %; n = 8 slices, 5 animals, 3 litters; DL-APV: -4.23 + 2.24 %; n = 3 slices, 2
animals, 1 litter; Figure 20; p = 0.000774).
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Figure 20. The Impact of NMDAR Blockade on LTP

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the high frequency stimulation (HFS; black arrow in D). (B) Long-term
potentiation (LTP) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the HFS. Bars represent the average
percentage of change in the fEPSP slope for PTP (A) and LTP (B) with points representing the
average PTP and LTP for each individual slice in this dataset. (C) Average LTP recordings from
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the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the NMDAR antagonist DL-APV
(50uM). * p < 0.05. Neontrol = 8 slices, 5 animals, 3 litters; Npp.apy = 3 slices, 2 animals, 1 litter.

3.3.4 Cumulative Probability of the Impact of PNEE on Long-Term
Potentiation

Cumulative probability graphs are effective for illustrating potential differences
between an experimental manipulation (such as prenatal diet in this dissertation) and the
proportion of samples that fall within certain magnitudes of plasticity. In both males
(Figure 21 A) and females (Figure 21 B) it is clear that there is a leftward shift in
cumulative probability such that PNEE yields lower magnitudes of LTP in both sexes. In
order to compare sexes, a one-way analysis of variance (ANOVA) was conducted and
yielded a significant main effect (p = 0.0019). A Tukey HD post-hoc text was conducted
and revealed significant sex differences only between control males and ethanol females

(p = 0.0406). No other specific comparisons between sexes were significantly different.
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Figure 21. Cumulative Probability for LTP in Males and Females Following PNEE

Actual frequencies of the distribution of the magnitudes of LTP in both (A) male and (B)
female offspring following either a control or EtOH prenatal diet as measured by the percentage
of change in the field excitatory postsynaptic potential (fEPSP) slope.

3.3.5 Maximizing Long-Term Potentiation
It is possible that PNEE leads to an increase in the threshold necessary to induce

normal magnitudes of LTP such that a single bout of HFS (I1xHFS) is insufficient to

recruit or activate the second messenger cascades necessary to support LTP, thus we
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administered two bouts of HFSs (2xHFS; 2 x 4 x 50 pulses at 100Hz) to maximize the

LTP in these slices in both sexes.

Unsurprisingly, in male PNEE offspring 2xHFS did not have any effect on the
magnitude of PTP as compared to that elicited by 1xHFS (1xHFS: 112.36 £+ 14.54 %; n =
8 slices, 5 animals, 3 litters; 2xHFS: 139.24 + 19.21 %; n = 13 slices, 7 animals, 3 litters;
p = 0.342; Figure 22 A,C), as PTP was not affected by PNEE in general. However,
2xHFS did yield significantly greater magnitudes of LTP than did 1xHFS (1xHFS: 47.76
+ 11.76 %; n = 8 slices, 5 animals, 3 litters; 2xHFS: 94.76 + 12.43 %; n = 13 slices, 7
animals, 3 litters; p = 0.0230; Figure 22 B,C) in male PNEE offspring. The effect size on
the magnitudes of LTP in males was found to be large (d = 1.15). See Appendix C for

cumulative probabilities.
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Figure 22. Multiple High Frequency Stimulation-Induced Long-Term Potentiation in
Males Following PNEE.

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the high frequency stimulation (HFS; black arrows in C). (B) Long-term
potentiation (LTP) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the HFS. Bars represent the average
percentage of change in the fEPSP slope for PTP (A) and LTP (B) with points representing the
average PTP and LTP for each individual slice in this dataset. Semi-transparent bars represent the
magnitudes of PTP and LTP elicited by 1xHFS in control and EtOH offspring. (C) Average LTP
recordings from the beginning of baseline to the end of the post-conditioning recording. Semi-
transparent plots represent the average LTP recordings from the beginning of baseline to the end
of post-conditioning recording in control and EtOH offspring following 1xHFS. Dots represent
the average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM. * p < 0.05. Neonwrol = 8 slices, 5 animals, 3 litters; Ngon 1xars = 8 slices, 5
animals 3 litters; Ngon 2xurs = 13 slices, 7 animals, 3 litters.

In female PNEE offspring, a similar effect was observed in that PTP was unaffected by
2xHFS (1xHFS: 95.11 £ 13.77 %; n = 11 slices, 5 animals, 3 litters; 2xHFS: 119 £ 11.54
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%; n = 16 slices, 5 animals, 2 litters; p = 0.603; Figure 23 A,C). Despite having no effect

on PTP, 2xHFS significantly increased the magnitude of LTP in female PNEE offspring
(1xHFS: 29.67 £ 7.66 %; n = 11 slices, 5 animals, 3 litters; 2xHFS: 63.59 + 7.92 %; p =
0.0051; n = 16 slices, 5 animals, 2 litters; Figure 23 B,C). The size of this effect on the
magnitudes of LTP in females was found to be large (d = 2.17). See Appendix C for

cumulative probabilities.
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Figure 23. Multiple High Frequency Stimulation-Induced Long-Term Potentiation in
Females Following PNEE.

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the high frequency stimulation (HFS; black arrows in C). (B) Long-term
potentiation (LTP) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the HFS. Bars represent the average
percentage of change in the fEPSP slope for PTP (A) and LTP (B) with points representing the
average PTP and LTP for each individual slice in this dataset. Semi-transparent bars represent the
magnitudes of PTP and LTP elicited by 1xHFS in control and EtOH offspring. (C) Average LTP
recordings from the beginning of baseline to the end of the post-conditioning recording. Semi-
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transparent plots represent the average LTP recordings from the beginning of baseline to the end
of post-conditioning recording in control and EtOH offspring following 1xHFS. Dots represent
the average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM. * p < 0.05. Neonwrot = 7 slices, 5 animals, 2 litters; Ngon 1xurs = 11 slices, 5
animals, 3 litters; Ngon 2xurs = 16 slices, 5 animals, 2 litters.

3.4 Long-Term Depression
Next, we examined the ‘flip-side’ of LTP in order to identify the negative

component of the dynamic range of synaptic plasticity. Given the LTP deficits observed
in this dissertation, a shift in this dynamic range could manifest itself as an enhancement
in LTD, whereas a restriction in this range would appear as an impairment in the
magnitude of LTD as a result of PNEE. LTD was elicited either by a standard LFS (900x
1 Hz) (LFSog) or by a maximizing LFS consisting of 1800x 1 Hz (LFS;g¢0) to determine
whether PNEE impacts the dynamic range of LTD in juvenile male and female offspring.
Furthermore, in order to assess whether PNEE alters short term plasticity as a result of
LFS, STD was evaluated from 0-1 minutes after delivery of the CS although the precise

mechanisms underlying this process are not well-defined.

3.4.1 Long-Term Depression Elicited by LFSgo, in Males
The magnitude of STD, the first minute of recordings following LFS¢g, was

similar between the control (STD: -38.73 +£4.29 %; n = 12 slices, 5 animals, 2 litters) and
EtOH-exposed (STD: -40.30 £ 6.91 %; n = 11 slices, 5 animals, 3 litters) male offspring
when compared by a two-tailed student’s t-test (p = 0.851; Figure 24).

LFSqp0 induced stable LTD from 55-60 minutes in the post-conditioning
recordings. Interestingly, the magnitude of LTD was significantly reduced in EtOH
(LTD: -10.83 + 3.33 %; n = 11 slices, 5 animals, 3 litters) males relative to controls
(LTD: -24.89 £ 4.76 %; n = 12 slices, 5 animals, 2 litters; p = 0.0257; Figure 24). The
effect of PNEE on the magnitude of LTD by LFSyy in males was found to be large (d =
0.999).
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Figure 24. Short- and Long- Term Depression in Males Following PNEE

(A) Short-term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the low frequency stimulation (LFS; 900x1Hz; black bar in D). (B) Long-
term depression (LTD) was measured as the average percentage of change in the fEPSP slope
relative to baseline for minutes 55-60 following delivery of the LFS. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Representative traces of the
average fEPSPs in the control (dark blue, above) and ethanol (light blue; below) for the baseline
recordings (dotted lines) and average LTD (solid line). The scale bar represents 0.2mV by Smsec.
(D) Average LTD recordings from the beginning of baseline to the end of the post-conditioning
recording. Dots represent the average percentage of change in the fEPSP slope relative to baseline
and the error bars represent the SEM. * p < 0.05. Neonwrot = 12 slices, 5 animals, 2 litters; Ngon =
11 slices, 5 animals, 3 litters.

3.4.2 Long-Term Depression Elicited by LFSgg in Females
In females the magnitude of STD was not significantly different between control

(STD: -52.44 + 4.86 %; n = 14 slices, 6 animals, 2 litters) and EtOH-exposed (STD: -
47.89 £ 3.86 %; n = 9 slices, 7 animals, 3 litters) female offspring as per a two-tailed

student’s t-test (p = 0.472; Figure 25).
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Unlike what we found in males, the magnitude of LTD induced by LFSqyy was not
different between female control (-28.46 + 3.56 %; n = 14 slices, 6 animals, 2 litters) and

EtOH (-27.90 £+ 5.46 %; n = 9 slices, 7 animals, 3 litters) offspring (p = 0.932; Figure 25).

A STD B LTD C
Control Ethanol Control Ethanol M e
0 T | 0 5 f 4 ’
g 101 8 10 - (
a -30 - . a 20 } - -
& 40 - - &
y 50 bi W -30
g’ 604 . : g’ 401 ¢ )
C 70 - . * o .50 )
ol - .
<04 ° ’ .
-100 - -70 -
10 4
900 x 1Hz
0 AR RN a—
g -0
K]
»
o -20 A
7]
o
w -30
2
2 ’ : =&-Control
[3)
o -50 1 O-Ethanol
-60

20 5 10 2 40 55 70
Time (minutes)
Figure 25. Short- and Long- Term Depression in Females Following PNEE

(A) Short-term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of the low frequency stimulation (LFS; 900x1Hz; black bar in D). (B) Long-
term depression (LTD) was measured as the average percentage of change in the fEPSP slope
relative to baseline for minutes 55-60 following delivery of the LFS. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Representative traces of the
average fEPSPs in the control (orange, above) and ethanol (yellow; below) for the baseline
recordings (dotted lines) and average LTD (solid line). The scale bar represents 0.2mV by Smsec.
(D) Average LTD recordings from the beginning of baseline to the end of the post-conditioning
recording. Dots represent the average percentage of change in the fEPSP slope relative to baseline
and the error bars represent the SEM. Neonot = 14 slices, 6 animals, 2 litters; Ngon = 9 slices, 7
animals, 3 litters.
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3.4.3 Cumulative Probability of the Impact of PNEE on Long-Term
Depression

Cumulative probabilities are another method by which the distribution of the
magnitudes of synaptic plasticity within a dataset can be illustrated. In this type of
analysis the proportion of data that falls within specific magnitudes of plasticity are
depicted. In Figure 26 A it is clear that in males there is overlap between the EtOH-
exposed and control offspring at the lower magnitudes of LTD (0 to -20%), and the
differences between the diet groups become more apparent at the higher magnitudes of
LTD (-30 to -55%) that were not observed in the EtOH group which likely underlie the
significant differences between the diet conditions for LTD. In contrast, in the females
depicted in Figure 26 B there is clear overlap between the EtOH and control groups
throughout the complete range of LTD supporting the lack of a significant effect of
teratogen exposure in females. In order to compare sexes, a one-ANOVA was conducted
and yielded a significant main effect (p = 0.0184). A Tukey HSD post-hoc text was
conducted and revealed significant sex differences between control females and ethanol

males (p = 0.02) and between ethanol males and ethanol females (p = 0.0437).
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Figure 26. Cumulative Probability for LTD in Males and Females Following PNEE

Actual frequencies of the distribution of the magnitudes of LTD in both (A) male and (B)
female offspring following either a control or EtOH prenatal diet.

3.4.3 The Search for the Mechanism of Long-Term Depression Induced by
LFSgoo

In order to understand the potential underlying mechanisms of the LTD in the
present study induced by LFSqoy we examined a variety of receptor and channel blockers

that have historically been shown to play roles in certain types of LTD. Specifically we
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used DL-APV to inhibit NMDARs, MPEP to inhibit mGluRss, NIMO to inhibit L-type

voltage-gated calcium channels or AM251 to inhibit CB1 receptors. Additionally, we
used a peptide Tat-GluA2s;y which prevents phosphorylation of tyrosine residues on this
AMPAR subunit thought to play a role in AMPAR endocytosis classically associated
with LTD. Unless otherwise noted, the inhibitor or drug cocktail was delivered for the
last 10 minutes of the pre-conditioning recording and throughout the LFSqy and these
experiments were conducted in control male and female offspring and were compared to

the magnitude of LTD induced in male and female controls combined.

Surprisingly, the NMDAR antagonist DL-APV (50uM) did not cause significant
changes to either STD (Control: -46.11 £+ 3.49%; n = 26 slices, 11 animals, 4 litters; DL-
APV: -34.99 + 5.69 %; n = 6 slices, 3 animals, 1 litter; Figure 27; p = 0.129) or LTD
induced by LFSgy (Control: -26.80 + 2.88%; n = 26 slices, 11 animals, 4 litters; DL-
APV: -26.68 £ 5.11; n = 6 slices, 3 animals, 1 litter; Figure 27; p = 0.983). Using an
increased concentration of DL-APV (100uM) also had no effect on the magnitude of
LTD induced by LFS (data not shown).
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Figure 27. The Impact of NMDAR Blockade on LTD

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSqg; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSgy. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the competitive NMDAR antagonist
DL-APV (50uM). Neontrol = 26 slices, 11 animals, 4 litters; Npr.apy = 6 slices, 3 animals, 1 litter.

Given that there are large concentrations of mGluRss on DG granule cells and that
LTD dependent on these receptors has been observed experimentally in other studies, we
used the non-competitive mGluRs antagonist MPEP (10uM) (Faas et al., 2002; Volk et
al., 2006) to inhibit their function. Unexpectedly, MPEP blocked neither STD (Control: -
46.11 + 3.49%; n = 26 slices, 11 animals, 4 litters; MPEP: -38.38 = 9.12 %; n = 6 slices,
4 animals, 1 litter; Figure 28; p = 0.456) nor LTD (Control: -26.80 = 2.88%; n = 26
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slices, 11 animals, 4 litters; MPEP: -20.15 + 6.40 %; n = 6 slices, 4 animals, 1 litter;

Figure 28; p = 0.374).
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Figure 28. The Impact of mGluRs Blockade on LTD

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSq; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSgy. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the non-competitive mGluRs
antagonist 2-Methyl-6-(phenylethynyl)pyridine (MPEP; 10uM). Neonrol = 26 slices, 11 animals, 4
litters; Nwvpep = 6 slices, 4 animals, 1 litter.

L-type calcium channels have been implicated in hippocampal LTD (Christie et

al., 1997; Coussens et al., 1997) and therefore were the next mechanistic target for the
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present dissertation. The L-type calcium channel blocker NIMO (20uM) (Wickens and

Abraham, 1991) did not significantly affect either STD (Control: -46.11 £ 3.49%; n = 26
slices, 11 animals, 4 litters; NIMO: -58.92 + 18.14 %; n = 3 slices, 2 animals, 1 litter;
Figure 29; p = 0.555) or LTD (Control: -26.80 = 2.88%; n = 26 slices, 11 animals, 4
litters; NIMO: -30.15 £ 8.20 %; n = 3 slices, 2 animals, 1 litter; Figure 29; p = 0.731).
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Figure 29. The Impact of LTCC Blockade on LTD

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSq; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSq. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the L-type calcium channel (LTCC)
blocker Nimodipine (NIMO; 20uM). Neonrol = 26 slices, 11 animals, 4 litters; Nxmo = 3 slices, 2
animals, 1 litter.
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The function of the above-mentioned receptors, particularly NMDARs and
mGluRs may be interrelated and it is possible that the coupled function of multiple
receptor types are necessary to support this form of LTD. If this is true, then
pharmacological inhibition of one single receptor type may be insufficient to block this
LTD. As such, we used a cocktail of the aforementioned compounds in an effort to block
LTD. A cocktail of DL-APV (50uM) , MPEP (10uM) and NIMO (20uM) similarly was
unable to block STD (Control: -46.11 + 3.49%; n = 26 slices, 11 animals, 4 litters;
Cocktail: -37.74 £+ 3.64; n = 3 slices, 2 animals, 1 litter; Figure 30; p = 0.142) or LTD
(Control: -26.80 + 2.88%; n = 26 slices, 11 animals, 4 litters; Cocktail: -37.50 + 10.09 %;
n = 3 slices, 2 animals, 1 litter; Figure 30; p = 0.402).
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Figure 30. The Impact of Simultaneous Blockade of NMDARs, mGluRss and LTCCs on
LTD
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(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSqg; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSgy. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the drug cocktail. Nonror = 26 slices,
11 animals, 4 litters; Neockait = 3 slices, 2 animals, 1 litter.

Endocytosis of the AMPAR is classically associated with LTD and recent work
has found that phosphorylation of tyrosine residues on the GluA2 is associated with LTD
in the hippocampus by using a synthetic peptide that blocks phosphorylation at this site
(Ahmadian et al., 2004; Man et al., 2000). Thanks to the donation from Yu Tian Wang at
the University of British Columbia, we used a pilot sample of 10uM Tat-GluA23y that
was dissolved in aCSF and washed onto the slice for 20 minutes of pre-conditioning,
throughout LFS and for 30 minutes of the post-conditioning recording in order to ensure
entry of this compound into the postsynaptic cell to access the intracellular c-terminus of
the GluA2 subunit of the AMPAR. Unexpectedly this exposure to Tat-GluA2s;y had no
effect on LTD (-22.79 + 1.63 %; n = 6 slices, 4 animals, 1 litter; Figure 31; p = 0.235) nor
on STD (-37.22 £ 4.00 %; n = 6 slices, 4 animals, 1 litter; Figure 31; p =0.12).
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Figure 31. The Impact of Tat-GluA23;y on LTD.

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSq; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSgy. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the peptide Tat-GluA2;y (10uM) that
blocks phosphorylation of select tyrosine residues on the GluA2 subunit of the AMPAR which is
associated with LFS-induced AMPAR endocytosis. Neonior = 26 slices, 11 animals, 4 litters; Ny, =
6 slices, 4 animals, 1 litter.

A slightly different form of LFS (10Hz for 10 minutes) induces a CB1 receptor-
dependent form of LTD in the DG, thus it is possible that the LTD examined in the
present study may share some overlapping mechanisms. The inverse agonist AM251
(4uM) (Pedro Grandes, Manuscript submitted) was used to inhibit CB1 receptors which
led to a significant reduction in the magnitude of STD (Control: -46.11 + 3.49%; n =26
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slices, 11 animals, 4 litters; AM251: -28.24 + 3.09%; n = 17 slices, 8 animals, 1 litter;

Figure 32; p = 0.0025). The inhibition of these receptors also led to a significant
attenuation of LTD (Control: -26.80 + 2.88%; %; n = 26 slices, 11 animals, 4 litters;
AM?251: -15.83 £ 6.24%; n = 17 slices, 8 animals, 1 litter; Figure 32; p = 0.050). The
effect size of this attenuation of LTD by AM251 was found to be medium (d = 0.613).

A STD B LTD
Control AM251 Control AM251
0~ 10 .
101 . g 07 :
g'zo . % -10 A i—
@ -30 { o 20 - i
w . o -
0 $ a0 i
8,750 1 . & . .
c ' ° E -40 4 L}
8601 : o
© .70 1 . B .
= -80 A . -60 1 .
-90 A : 70 4
* *
C 10 - 4uM AM251
0 = . . 900x 1Hz
é 101 T’[TTTTTTTTTTTTTTTTTTTTTTTTTTTT]"[TTTT‘I'I‘
& -20 III IIFI:FH}-TTTWT Tt:{' -T .%'%#%Uluul l
& -30 TTTTI rﬂjﬁﬁ!‘g}%ﬁﬂ “"-——--IJ'--IL.].LILPITILIITHHI%#
: i
_4 4
g =+—Control
® 801 AM251
-60 T T T T T T
-20 -5 10 25 40 55 70

Time (minutes)
Figure 32. The Impact of CB1 Receptor Blockade on LTD.

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSq; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSq. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the cannabinoid type 1 (CBI)
receptor inverse agonist N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carboxamide (AM251; 4uM). * p < 0.05. Neonrol = 26 slices, 11 animals, 4 litters;
Namosi = 17 slices, 8 animals, 1 litter.
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LTD that is eCB-dependent in the DG requires the activity of both CB1 receptors
and mGluRs. Recent work (Pedro Grandes, manuscript submitted) has found that this
LTD (10Hz for 10 min) could be blocked by pharmacological inhibitors of either CB1
receptors by AM251, group 1 mGluRs by DHPG as well as inhibitors of mGluR; by
CPCCoEt or mGluRs by MPEP. Futhermore, this eCB-LTD was unaffected by delivery
of nimodipine (LTCCs) or by DL-APV (NMDARs) as we have observed the present
experiments. Given the significant attenuation of LTP by AM251 (Figure 32), and the
apparent relationship between CBI1 receptors and group 1 mGluRs, we delivered a
cocktail of available compounds AM251 and MPEP in an effort to determine whether the
LTD evaluated in the present dissertation was in fact dependent on the coincident
function of these two receptor signalling systems. A cocktail of 10uM MPEP and 4uM
AM?251 was washed onto the slice for the last 10 minutes of pre-conditioning recordings
and throughout the LFS followed by a post-conditioning recording in regular aCSF. This
cocktail had no effect on STD (-46.66 £ 6.97 %; n = 10 slices, 6 animals, 1 litter; Figure
33; p = 0.864) however it significantly reduced the magnitude of LTD (-0.821 £ 4.14 %;
n = 10 slices, 6 animals, 1 litter; Figure 33; p = 4.69 x 10°;:d=1.82, large effect size).
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Figure 33. The Impact of Blockade of Both CB1 Receptors and mGluRss on LTD.

(A) Short-term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFSq; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFSqy. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. The red bar represents the duration of exposure to the cannabinoid type 1 (CBI)
receptor inverse agonist N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carboxamide (AM251; 4uM) and to the non-competitive mGluRs antagonist 2-
Methyl-6-(phenylethynyl)pyridine (MPEP; 10uM). * p < 0.05. Neonrol = 26 slices, 11 animals, 4
litters; Nawmosi+mpep = 10 slices, 6 animals, 1 litter.
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3.4.4 Long-Term Depression Elicited by LFS4gg in Males
In order to understand how PNEE impacts the range of DG LTD, the magnitude

of LTD was maximized by delivering double the amount of pulses in the LFS. It is
possible that although LFSo is insufficient in initiating the cascades necessary to support
LTD, additional CS may overcome this deficit in males. Prolonged LFS to 1800 x 1 Hz
(LFSis00) led to a significant STD in both control (STD: -65.93 + 8.58 %; n = 8 slices, 4
animals, 2 litters) and EtOH males (STD: -60.44 + 15.78 %; n = 5 slices, 3 animals, 3
litters), which was not statistically significantly different between groups (p = 0.769;
Figure 34).

LFSis00 in the EtOH-exposed males yielded a greater magnitude of LTD than did
LFSqp0 (p = 0.0280). The magnitude of LTD after prolonged LFS was not significantly
different between the control (LTD: -36.82 + 5.12 %; %; n = 8 slices, 4 animals, 2 litters)
and EtOH (LTD: -32.66 = 6.86 %; n = 5 slices, 3 animals, 3 litters) condition (p = 0.639;
Figure 34).
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Figure 34. Prolonged Low Frequency Stimulation-Induced Long-Term Depression in
Males Following PNEE

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFS;g0; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
to baseline for minutes 55-60 following delivery of the LFS;g0. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. Nconrrol = 8 slices, 4 animals, 2 litters; Ngon = 5 slices, 3 animals, 3 litters.

3.4.5 Long-Term Depression Elicited by LFS4go in Females
Despite the fact that there were no differences in LFSgg-induced LTD between

the diet conditions in female offspring, we administered LFS;509 to determine whether
PNEE impacts the maximal magnitude of DG LTD. It is conceivable that while the LTD

induced by LFSy was not different between prenatal diet conditions, perhaps the range
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for LTD could be pushed to greater magnitudes in controls than in PNEE offspring.

LFSis00 yielded STD that was not significantly different between the control (STD: -
52.10 =+ 5.28 %; n = 14 slices, 6 animals, 4 litters) and EtOH (STD: -60.73 £ 10.11 %; n=

7 slices, 5 animals, 3 litters) conditions in female offspring (p = 0.468; Figure 35).

Similarly, the magnitude of LTD induced by LFS;s00 was not significantly
different between the control (LTD: -36.64 + 5.44 %; n = 14 slices, 6 animals, 4 litters)
and EtOH-exposed (LTD: -28.83 £ 5.67 %; n = 7 slices, 5 animals, 3 litters) female
offspring (p = 0.337; Figure 35).
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Figure 35. Prolonged Low Frequency Stimulation-Induced Long-Term Depression in

Females Following PNEE

(A) Short term depression (STD) was measured as the average percentage of change in the
field excitatory postsynaptic potential (fEPSP) slope relative to baseline for minutes 0-1
following delivery of low frequency stimulation (LFS;g0; black bar in C). (B) Long-term
depression (LTD) was measured as the average percentage of change in the fEPSP slope relative
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to baseline for minutes 55-60 following delivery of the LFS;g0. Bars represent the average
percentage of change in the fEPSP slope for STD (A) and LTD (B) with points representing the
average STD and LTD for each individual slice in this dataset. (C) Average LTD recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars represent
the SEM. Nconrrot = 14 slices, 6 animals, 4 litters; Ngon = 7 slices, 5 animals, 3 litters.

3.5 Depotentiation
Depotentiation is distinct from the de novo forms of LTD discussed above and has

not been investigated in the context of PNEE in the DG. In the CAl region, PNEE
resulted in enhanced magnitudes of depotentiation in males and reduced magnitudes of
depotentiation in females at P36 (An et al., 2013; An and Zhang, 2013). Given that we
observed impairments in bidirectional synaptic plasticity as a result of PNEE we sought
to determine whether depotentiation was also affected by teratogen exposure. This form
of bidirectional plasticity was induced by delivery of LFSoy following the establishment
of 60 minutes of post-conditioning recordings of LTP caused by HFS. Depotentiation
was measured as the difference in the average percentage of change in the fEPSP slope
between minutes 55-60 and minutes 100-105 of the post-conditioning recording in order

to control for the differences in the magnitude of LTP.

The magnitude of depotentiation was unchanged by PNEE in either males
(Control: 56.39 + 9.65 %; n = 6 slices, 4 animals, 2 litters ; EtOH: 48.04 + 6.89 %; n= 8
slices, 6 animals, 3 litters; Figure 36; p = 0.501) or females (Control: 45.19 + 11.94 %; n
= 7 slices, 6 animals, 2 litters; EtOH: 37.68 + 8.81 %; n = 9 slices, 8 animals, 2 litters;
Figure 37; p = 0.622). Interestingly LFSqq yielded greater depression from a previously

potentiated state than the same stimulus delivered from a baseline condition in males (p =

0.0261) but not in females (p = 0.221).
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Figure 36. Depotentiation in Males Following PNEE

(A) Magnitude of depotentiation in control and ethanol-exposed male offspring. Bars represent
the average percentage of change in the field excitatory postsynaptic potential (fEPSP) slope
calculated as the average percentage change in the fEPSP slope of minutes 100-105 subtracted
from that of minutes 55-60, defined as the magnitude of depotentiation. Points represent the
average magnitude of depotentiation for each individual slice in this dataset. (B) Average
depotentiation recordings from the beginning of baseline to the end of the post-conditioning
recordings. The black arrow indicates the delivery of high-frequency stimulation and the black
bar represents the low-frequency stimulation (900 x 1Hz). Dots represent the average percentage
of change in the fEPSP slope relative to baseline and the error bars represent the SEM. Neonrol = 5
slices, 4 animals, 2 litters; Ng,on = 8 slices, 6 animals, 3 litters.
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Figure 37. Depotentiation in Females Following PNEE

(A) Magnitude of depotentiation in control and ethanol-exposed female offspring. Bars
represent the average percentage of change in the field excitatory postsynaptic potential (fEPSP)
slope calculated as the average percentage change in the fEPSP slope of minutes 100-105
subtracted from that of minutes 55-60, defined as the magnitude of depotentiation. Points
represent the average magnitude of depotentiation for each individual slice in this dataset. (B)
Average depotentiation recordings from the beginning of baseline to the end of the post-
conditioning recordings. The black arrow indicates the delivery of high-frequency stimulation and
the black bar represents the low-frequency stimulation (900 x 1Hz). Dots represent the average
percentage of change in the fEPSP slope relative to baseline and the error bars represent the SEM.
Neontrol = 7 slices, 6 animals, 2 litters; Ngou = 9 slices, 8 animals, 2 litters.

3.6 The Impact of PNEE on the Dynamic Range of Synaptic Plasticity
PNEE restricts the range of bidirectional plasticity in males and females, as

described throughout this dissertation and summarized in Figure 38. A percentage of
plasticity was calculated by comparing the magnitudes of LTP or LTD in ethanol-
exposed males and females to the magnitudes of the plasticity in the respective controls,
which were set to 100%. In males, there is a reduction to both LTP (52.02% of control)

and LTD (39.65% of control; Figure 38 C) whereas in females there is a specific
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reduction in the magnitude of LTP (58.56% of control) with no impact on LTD (98.02%

of control; Figure 38 C).
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Figure 38. Summary of Impairments to Bidirectional Synaptic Plasticity Following
PNEE in Males and Females

(A) The average magnitudes of long-term potentiation (LTP; left) and long-term depression
(LTD:; right) in control and ethanol-exposed male offspring. (B) The average magnitudes of LTP
(left) and LTD (right) in control and ethanol-exposed female offspring. (C) The percentage of
plasticity for each ethanol group was compared to the relative control in each condition and used
to generate a percentage of the magnitudes of each type of plasticity in control males or females
(bars). Light blue bars represent ethanol-exposed males and the yellow bars represent the ethanol-
exposed females. The grey dashed line represents 100%, or the control level of plasticity in each
group. (D) Cumulative probabilities for bidirectional synaptic plasticity in control (dark blue) and
ethanol-exposed (light blue) males. The dashed grey line represents 0% change in the fEPSP
slope. (E) Cumulative probabilities for bidirectional synaptic plasticity in control (dark orange)
and ethanol-exposed (yellow) females. The dashed grey line represents 0% change in the fEPSP
slope. Error bars represent the SEM. * p < 0.05.

Increasing the duration of the CS (either HFS or LFS) achieved control levels of
LTP and LTD in ethanol-exposed offspring of both sexes indicating that the impairments

to bidirectional plasticity may be due to changes in the thresholds of stimulation
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necessary to induce synaptic plasticity. Despite the significant reductions in the

magnitudes of LTP in both sexes and LTD in males, these impairments can be overcome
with further stimulation and highlight the need for therapeutic agents that can facilitate

the induction of normal bidirectional plasticity.
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4.0 DISCUSSION

4.1 Summary of Major Findings

This study is the first of its kind to examine the dynamic range of synaptic
plasticity in the juvenile DG of both sexes following PNEE. First, our initial I/O
experiments indicated that in males, but not in females, PNEE significantly reduced the
fEPSP slope to greater pulse widths of stimulation, which was normalized by GABAA
inhibition (Figure 17). This suggests that there may be a male-specific reduction in
excitability of the DG to MPP stimulation. We found that unlike our previous findings in
vivo the magnitude of NMDAR-dependent LTP was attenuated in both sexes by PNEE
(Figures 18 and 19). Furthermore, we revealed for the first time an impairment by PNEE
to mGluRs and CBI1 receptor-dependent LTD in juvenile males but not in females in the
DG (Figures 24, 25 and 33). This LTD required coincident activity of mGluRss and CB1
receptors and occurred independently of NMDARs, LTCCs and possibly phosphorylation
of Tyr residues on the GluA2 subunits of the AMPAR. Despite the PNEE-induced
differences in de novo LTD (from a baseline condition) and in the magnitude of LTP in
males we found no effect of PNEE on depotentation (Figure 36). Similarly, depotentation
was unaffected by PNEE in females (Figure 37) where only the magnitude of LTP was
reduced. The impairments in LTP and LTD can, however, be overcome by the delivery of
a second HFS (Figure 22, 23) or prolonging of the LFS (Figure 34, 35) indicating that the
impairments caused by PNEE may change the threshold of stimulation necessary to
induce this plasticity rather than causing long-term irreparable damage to plasticity

machinery.

4.2 The Effect of PNEE on Input-Output Curves

In the present dissertation we found a male-specific impairment in the slope of the
fEPSP to increasing pulse widths of stimulation under normal aCSF conditions prior to
our LTD recordings (Figure 17). This effect was not observed in female offspring when

recorded under the same conditions. Interestingly, in our LTP recordings, where GABA

is inhibited by BIC we found no effect of PNEE in either sex on the recorded 1/O
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relationship. In our previous studies of DG plasticity in both sexes we did not observe

such differences in the I/O relationship, which may be because these recordings were all
of LTP, which in slices, would be examined during GABA, inhibition rather than under
LTD recording conditions where normal inhibitory control is not manipulated. The
method by which we analyse potential differences in the I/O curve typically involved
normalizing the data to some central point, to account for potential differences in the
responses between slices. When we applied the same normalization to the data in the
present dissertation, it masked the reduced fEPSP slopes represented in Figure 17.
Alternatively, it is possible that the impact on the I/O curve observed in this dissertation
could also be a function of animal age. Following ethanol gavage (6g/kg/day) from GD8-
20 there is a report of a similar reduction in the I/O relationship in young (P25-32) male
PNEE rat offspring (Krahl et al., 1999) in the CA1 region. In this study, there was no
significant effect of PNEE at a lower ethanol dose (4g/kg/day), nor in adult (P63-77)
animals. Curiously, the altered I/O relationship was not accompanied by a LTP deficit in
the slices generated from young male offspring. A similar result was obtained in the CA1
region of adult male guinea pig offspring after PNEE (gavage ethanol at 4g/kg/day from
GD2-67) where increasing stimulus intensities resulted in reductions in the resulting
fEPSP amplitude in vivo (Richardson et al., 2002). In this study however PNEE
prevented the induction of CA1 LTP. The effect in males in normal aCSF has significant
implications for the rest of this body of work because it suggests that DG slices from
male PNEE offspring may be less responsive, or less excitable to increasing stimulus

durations.

4.3 Male & Female LTP Impaired by PNEE

In the present dissertation we found that PNEE reduced the magnitude of DG LTP
in both sexes during the juvenile period. These results are in line with previous data from
the Christie laboratory in vitro (Helfer et al., 2012) but not in vivo (Patten et al., 2013a) at
adulthood.
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Interestingly, using the same model of PNEE a previous study from our
laboratory found that the magnitude of DG LTP was enhanced by ethanol in adolescent
females (P 30-35) induced by Theta Burst Stimulation (TBS) in vivo (Titterness and
Christie, 2012). Although this enhancement in LTP in the females may be due to the fact
that sex differences were found in the control group, with females exhibiting less LTP
than males. These inherent sex differences in LTP in young rats have also been found in
other studies (Maren, 1995; Maren et al., 1994). One study also reported that the reduced
LTP in control females was paralleled by reduced NMDAR activation compared to that
observed in males (Maren, 1995). Methodological differences likely play some role in
explaining why these sex differences were not apparent in the present dissertation such as
the age ranges used, the strain of rat, the CS used and the fact that these recordings from
Maren and colleagues and those of Titterness and Christie were all made in vivo. Indeed
previous findings from our laboratory have not found significant sex differences between
controls in vitro (Helfer et al., 2012) although these recordings were conducted in slices
from adult offspring. Direct comparisons between results obtained using these two
electrophysiological techniques (in vivo & in vitro) can be challenging due to the inherent
differences in recording from hippocampal slices where afferent and efferent connections
are severed and the temperature of the brain is manipulated versus the intact brain in the
whole animal. In contrast with the present study, two injections of 2.9 g/kg ethanol on
GD 8 resulted in a decrease in the threshold for DG LTP in P45 male offspring (Gémez
et al., 1992). The use of various methods of PNEE, timing and dosages of ethanol, ages
of examination of offspring, hippocampal subregions and stimulus protocols used lead to

variability between studies as we have recently reviewed (Fontaine et al., 2016).

4.3.1 Damage to the NMDAR by Prenatal Ethanol

The effect of PNEE on NMDAR structure and function has been repeatedly
investigated by various research groups (see (Costa et al., 2000) for review). The present
study found an impairment in NMDAR-dependent LTP in both males and females as a

result of PNEE, similar to what has been described elsewhere. Perhaps surprisingly, there
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are few reports of changes to the NMDAR structure in the hippocampus by PNEE during

the juvenile period of interest in the present dissertation.

The effects of PNEE on NMDAR structure have generally appeared to be
transient in the hippocampus during the early postnatal period, and studies have sought to
identify changes to specific subunits of the receptor. For example there are reports of
decreased amounts of the GIluN2B subunit at P1 (Hughes et al., 1998), reduced GluN2D
at P7 (Naassila and Daoust, 2002) and increases in GluN2A at P10 (Nixon et al., 2004) in
the hippocampi of PNEE offspring that return to control levels by P21. A recent study
isolated synaptic membrane fractions in an effort to associate the structure of NMDARs
at the synapse with synaptic efficacy and found that PNEE offspring at adulthood had
increased amounts of the obligatory GluN1 subunit and of GIuN3A coupled with
decreased GluN2B and these changes were associated with reduced magnitudes of LTP
in the DG (Brady et al., 2013). It is possible that using this tissue sampling technique may
provide more specific resolution to examine receptors that are likely to be involved in

synaptic function.

The more consistent effects of PNEE on the NMDAR in the literature are related
rather to NMDAR function. Across these studies NMDAR function is decreased as a
result of PNEE in the hippocampus by examining the effect of NMDA-sensitive “H-
glutamate binding (Savage et al., 1991, 1992) or NMDA-dependent Ca*" influx (Lee et
al., 1994; Spuhler-Phillips et al., 1997; Weaver et al., 1993). Likely related to the
observed decreases in Ca*" flux by PNEE through the NMDAR, there is also evidence of
reduced activation of the second messenger signalling cascades initiated by acute wash of
NMDA onto hippocampal slices. While there was no observed impact of PNEE on PKA
or PKC-dependent ERK activation, there was a significant decrease in ERK2 activation

in slices from adult PNEE offspring (Samudio-Ruiz et al., 2010).

4.4 Sex-Specific Impairment in Threshold for LTD
Hippocampal LTD in general is understudied and perhaps more so in the DG and
especially following PNEE. Using a common LFS paradigm (LFSggo; 900 x 1Hz) as was
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used in the seminal study of LTD (Dudek and Bear, 1993) we uncovered a sex-specific
reduction in the magnitude of LTD in males that was overcome when a greater LFS was
used (LFSig00; 1800 x 1Hz). These data indicate that PNEE may in fact increase the
threshold for LTD in males only and that exposure to this teratogen does not lead to
damage to the essential machinery underlying this form of plasticity, and may instead
impair some aspects of receptor function despite a lack of difference in presynaptic NT
release (Figure 17). In males following PNEE, it is possible that LFSq is insufficient in
recruiting receptors and subsequent signalling cascades that underlie the LTD observed in
control males and in both diet groups in females. This LTD is dependent on coincident
activity of mGluRss and CBI1 receptors, where at least one component of this signalling

cascade is affected in males by PNEE and are discussed below.

4.4.1 NMDAR-Independent LTD in the DG

There are many forms of LTD that have been induced using a variety of electrical
and pharmacological LFS in the hippocampus. In the present dissertation we found that
the LTD elicited by LFSqg in the juvenile DG was dependent on the synergistic activity
of mGluRss and CB1Rs, but not on activity of NMDARs, LTCCs or mGluRss alone. We
also found that the use of a peptide that blocks phosphorylation of tyrosine residues on
the GluA2 subunit of the AMPAR, which blocks endocytosis of the AMPAR through this
mechanism, had no effect on this LTD. This result in particular is surprising however it
could mean one of two things, that our LTD does not involve AMPAR endocytosis
through this mechanism though perhaps endocytosis could be triggered through some
other pathway or that we did not have sufficient penetration of the peptide into the
postsynaptic cell. To our knowledge this study is the first to describe LFSqp-induced
LTD in the DG of young rats that is dependent on both CB1 receptors and mGluRss.

Independence of LTD from NMDARs is supported by other studies in the DG in
vitro (Trommer et al., 1996; Wang et al., 1997). The characterization of LTD in the
juvenile DG that perhaps related most to the present work is that of Trommer, Liu &
Pasternak who found an age dependent effect on the magnitude of LTD elicited by
LFSopo and found that this LTD was not affected by pharmacological blockade of
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NMDARs, group 1 mGluRs, LTCC nor by chelation of postsynaptic calcium by BAPTA

(Trommer et al., 1996). This LTD was reversible and was saturable by the delivery of
three LFSopo and was found to be dependent on a change in the voltage in the
postsynaptic cell, although the mechanism behind the necessary postsynaptic
depolarization in unknown. Similarly, in older rats (weighing 80-120g) LFSqq, yielded
LTD that was NMDAR-independent but dependent on a rise in postsynaptic calcium
levels from both extra- and intracellular sources (Wang et al., 1997). An NMDAR-
independent form of LTD has been observed in the DG in vivo, which also existed
independent of LTCCs as in the present dissertation and this persistent LTD was also
maintained independent of protein synthesis (Pdschel and Manahan-Vaughan, 2007).
This LTD also persisted in vivo in the DG for over 24 hours. As previously discussed,
eCB-LTD (LFS: 10Hz for 10min) is also not dependent on LTCCs nor on NMDARSs but
rather requires activation of either CBIRs, mGIluR; or mGluRs to support synaptic

depression in the DG (Pedro Grandes, Manuscript submitted).

In addition, there is well-documented evidence for the involvement of
postsynaptic calcium in the induction of LTD in the hippocampus. /n vitro studies have
confirmed that this LTD requires activation of LTCCs and release of calcium from
internal stores in other to initiate the second-messenger signalling cascades to support

LTD (Christie et al., 1996, 1997; Cummings et al., 1996; Reyes and Stanton, 1996).

4.4.2. Involvement of eCBs in DG LTD

The identification of cannabinoids and their endogenous receptors were
discovered relatively recently and as such, the understanding of the function of this
system is still in its infancy. In fact, the active component of cannabis compounds were
only first determined in the mid-1960s which subsequently led to the formal
identification of the CBI1 receptor, its primary receptor expressed throughout the brain,
including the hippocampus (Iverson, 2005; Matsuda et al., 1993; Tsou et al., 1998, 1999).
It was not until the 1990s that the endogenous cannabinoids, anandamide and 2-
arachidonoylglycerol (2-AG) were first identified (Devane et al., 1992; Mechoulam et al.,

1995). Unlike classic NTs, eCBs are not stored but rather are synthesized on demand and



108

in neurons they are synthesized and released in response to depolarization and Ca*" influx
(Di Marzo et al., 1998). CB1 receptors in the hippocampus are localized to GABAergic
terminals, astrocytes and to a lesser extent glutamatergic neurons (Gutiérrez-Rodriguez et

al., 2018; Tsou et al., 1999).

In the hippocampus, eCBs have been associated with forms of synaptic plasticity.
Specifically, eCBs can be synthesized in response to activation of group I mGluRs and
subsequently suppress NT release from the presynaptic terminal by acting as retrograde
signals (Varma et al., 2001). Depolarization-induced suppression of inhibition in CAl, a
form of retrograde plasticity where depolarization of glutamatergic neurons leads to
suppression of GABA release from interneurons, is dependent on the activity of both
mGluRss and CB1 receptors, although synthesis of eCBs may occur via either mGluR
activation or postsynaptic depolarization (Varma et al., 2001). DHPG (group 1 mGluR
agonist)-induced LTD in the CA1 is associated with a decrease in presynaptic NT release
and the STD but not LTD, was dependent on CB1 receptor function (Rouach and Nicoll,
2003). These data suggest that while DG LTD may be triggered by postsynaptic activity,
its locus may in fact be presynaptic, as is classically associated with CB1 receptor
involvement. The putative mechanism by which mGluRs-induced eCB synthesis and
subsequent activity could affect the DG LTD measured in this dissertation is illustrated in
Figure 39, as follows. mGluR activation leads to the formation of DAG and IP; (due to
activation of the Gg-coupled receptor). DAG is then hydrolyzed by DAG lipase-a. into 2-
AG, which diffuses into the synaptic cleft and binds to presynaptic CB1 receptors. CB;
activation leads to inhibition of adenylate cyclase and therefore inhibition of the
accumulation of cAMP through coupling of the receptor to Gj, proteins. Thus, when
located at presynaptic sites, CB1 receptor activation can attenuate NT release most likely
through inhibition of VGCCs or possibly through another mechanism involved in vesicle
fusion and NT release (Chevaleyre et al., 2006; Doherty and Dingledine, 2003; Katona
and Freund, 2012; Mato et al., 2008; Wilson et al., 2001; Wilson and Nicoll, 2002).
Classically this mGluR-mediated signaling results in suppression of presynaptic NT
release (whether acting at GABAergic or glutamatergic terminals) (Freund et al., 2003;
McAllister and Glass, 2002) and subsequently reduced excitatory postsynaptic currents
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(Magjima et al., 2001). There is an example of postsynaptically-mediated CB1 receptor-

dependent synaptic plasticity in the cerebellum (Safo and Regehr, 2005). Inhibitory
interneurons in the hippocampus express significantly greater proportions of CBI
receptors than do glutamatergic neurons, although there is clear expression of CBI1
receptors on presynaptic terminals in DG (Katona et al., 2006). It is also possible that this
eCB-LTD in the DG also involves activation of these receptors and involvement of the

inhibitory network in the DG in this form of synaptic plasticity.

MPP Fibre Input

Granule Cell Dendritic Spine

Figure 39. Putative mechanism for long-term depression in the juvenile DG

Low-frequency stimulation of medial perforant path (MPP) fibres leads to opening of
voltage-gated calcium (Ca®") channels (orange) and subsequently to vesicle binding and
glutamate (Glu) release (dark blue circles) which binds to postsynaptic glutamate
receptors located on DG granule cells such as NMDARs and mGluRs as well as
AMPARSs (not pictured). mGluRs activation results in G4 second messenger signalling,
involving activation of PLC and generation of IP; and DAG from cleavage of PIP,.
While IP; generation leads to Ca*" release from intracellular stores, DAG is hydrolyzed
by DAGL-a into the endocannabinoid 2-AG. This endocannabinoid diffuses across cell
membranes into the synaptic cleft where it binds to CB1 receptors on the presynaptic
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terminal. These CB1 receptors are coupled to Gj, proteins, whose activation reduces NT
release possibly by inhibiting voltage-gated calcium channels or by inhibiting some of the
steps involved in vesicle fusion and NT release.

Based on the experimental data presented in this dissertation we can begin to
unravel the mechanism for LTD in the juvenile DG. While this LTD is not occluded by
blockade of NMDARs, mGluRss nor LTCCs independently or together, LTD was
impaired by blockade of CB1 receptors and completely blocked by combined blockade of
mGluRss and CB1 receptors. The synthesis of 2-AG is accomplished primarily by
activation of mGluRss (Jung et al., 2005; Lafourcade et al., 2007; Maccarrone et al.,
2008; Uchigashima et al., 2007) although mGluR; activation can also lead to the
synthesis of this eCB (Maejima et al., 2001; Melis et al., 2004). Curiously, independent
inhibition of mGluRss alone by MPEP had no effect on the magnitude of LTD whereas
independent inhibition of CB1 receptors by AM251 caused a significant reduction in the
magnitude of STD and LTD. These data clearly indicate an integral role for eCBs in this
LTD but begs the question as to what initiates eCB synthesis and its associated signalling
cascade if not the mGluRss. As described above, 2-AG synthesis can also be initiated by
rises in intracellular Ca®*, which could be the result of various receptor functions
including mGluR;s, NMDARs or GluA2-lacking AMPARs and could potentially
compensate for the blockade of mGluRss in the MPEP alone experiments to support
eCB-LTD. What remains unknown is whether the locus for this LTD is indeed
presynaptic, as is classically associated with CB1 receptor activation, in addition to the
potential presynaptic mechanism by which CB1 receptor activation results in reduced

fEPSP slopes.

Furthermore, the sex-specific mechanism by which PNEE impairs DG LTD in
males but not in females is unknown although there is emerging evidence of sex
differences in hippocampal eCB activation. There is a relationship between estradiol,
mGluR;s and eCB activity where acute estradiol causes suppression of inhibitory currents
in the CAl region of females but not of males and there is evidence of an estradiol-

independent effect in females where blocking the breakdown of the eCB anandamide
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significantly suppressed inhibitory transmission, an effect that was not observed in males
(Huang and Woolley, 2012; Tabatadze et al., 2015). In the hypothalamus the gonadal
status of animals can also affect the density of eCB receptors being expressed at a given
time (de Fonseca et al., 1994). Together these data support possible sex differences in
CBI1 receptor activation, which may be involved in the sex differences measured in this
dissertation as well as highlighting the need for further study of both sexes in
hippocampal eCB-dependent plasticity.

4.4.3. Damage to the eCB System by Ethanol

Emerging evidence has demonstrated a clear relationship between ethanol and the
function of the eCB system which has led to increased study of this system in the context
of FASD (Basavarajappa, 2015). This system is thought to play a role in many brain
functions but of particular interest to the present work is the relationship between eCBs,
ethanol and learning and memory. This system blocks ethanol-induced potentiation of
GABA release and suppresses ethanol-induced glutamatergic transmission
(Basavarajappa et al., 2008; Talani and Lovinger, 2015). Ethanol administration causes
long-term changes to the eCB signalling system, decreasing CBIR mRNA expression, as
well as receptor densities, functionality and can lead to increases in the levels of eCBs
themselves (Basavarajappa et al., 1998; Mitrirattanakul et al., 2007; Ortiz et al., 2004).
There are also reports of reduced expression of mGluRss at adulthood as a result of
PNEE in the DG, which could account for the impairments in LTD observed in the
present dissertation (Galindo et al., 2004). There is a report of PNEE-induced (gavage
ethanol at either 3 or 6 g/kg/day from GD 8-20) impairments in excitatory eCB-LTD in
dopaminergic VTA neurons at 4-10 weeks of age in male offspring, which was
accompanied by a PNEE-induced downregulation of presynaptic CB1 receptors
(Hausknecht et al., 2017). This recent study provides additional rationale that PNEE can

lead to long-term dysregulation of the eCB system in the brain.

Other possible hints to eCB dysfunction as a result of PNEE is the fact that this
system is thought to play a role in alcoholism and addiction (Colombo et al., 2005;
Hungund et al., 2002; Maldonado et al., 2006; Parsons and Hurd, 2015). Humans with
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FASD are reported to show a greater attraction to the smell and taste of alcohol
(Middleton et al., 2009; Youngentob and Glendinning, 2009), and there are reports that
these individuals are at greater risk for becoming alcoholics (Streissguth et al., 1996;
Yates et al., 1998) and to potentially become parents to children with FASD. Clearly
there is a link between the eCB system and ethanol consumption which may play a role in
the consequences of alcoholism, withdrawal and in the case of the present study, in
FASD. This exciting new evidence of the interplay between ethanol and eCBs warrants
further investigation and also raises the question as to the effects of simultaneous
exposure of these two teratogens to the developing fetus. This latter point is of paramount
importance for the field of teratogenesis moving forward with the relaxation of laws

surrounding cannabis use.

4.4.4 Depotentiation unaffected by PNEE

In the present work there is no evidence of an effect of PNEE on the magnitude of
depotentiation, or the reversal of LTP, which may be related to behavioural and cognitive
flexibility. These findings are in contrast with those of An and colleagues who found sex
differences in the balance between LTP and depotentiation (An et al., 2013; An and
Zhang, 2013). Given the apparent lack of an effect of PNEE on the magnitude of
depotentiation, it is possible that the mechanism underlying this apparent reversal of LTP
are different from those underlying de novo LTD. If these mechanisms overlapped, one
might expect to see a similar impairment in male offspring in depotentiation as was
observed in de novo LTD. In the CA1 region depotentiation has been associated with the
activity of mGluRs but not dependent on NMDARSs, LTCCs or the retrograde signal NO
(Bashir and Collingridge, 1994). Future pharmacological experiments should determine
the receptors involved in depotentiation, starting with confirmation that this bidirectional
form of plasticity does not involve CB1 receptors or mGluRss nor NMDARs as
dysfunction of these receptor signalling pathways may underlie the LTD and LTP deficits

caused by PNEE respectively as demonstrated in this dissertation.

4.5 Proposed Mechanism for Bidirectional Synaptic Plasticity Deficits
Following PNEE
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In an effort to synthesize and explain the results obtained in this dissertation we
propose that PNEE could result in a male-specific imbalance in excitation/inhibition in
the DG that results in a net decrease in excitability (as shown in the I/O curves) in these
slices, resulting in potentially less glutamate release at the MPP-granule cell synapse.
Reduced glutamate release during the LFSqop would likely then result in reduced mGluRs
activation, and less intracellular Ca®" which would mean reduced 2-AG synthesis and
reduced presynaptic CB1 receptor activation. This effect of reduced excitation can be
overcome by extending the LFS (to 1800x), which could be reaching a ceiling for
postsynaptic mGluRs activation, resulting in no effect of PNEE on the magnitude of LTD
achieved as compared to control. Coupled with a potential excitation/inhibition
imbalance, our LTP data (where the influence of the E-I imbalance may be negated by
GABA, inhibition) suggests a NMDAR dysfunction, although this impairment does not
appear to be sex-specific as NMDAR-LTP is blocked in both sexes by PNEE. The
combination of these two factors could offer some explanation for the significant
impairments in DG LTP in vivo that were not seen in females, as in this preparation
inhibition is not blocked as it is in vitro for LTP recordings. Should the LTD measured in
this dissertation have been NMDAR-dependent we may have observed impaired LTD in
both sexes which we would expect to have been exacerbated in males as compared to
females, if there is indeed E-I imbalance as is suggested by the I/O data. The concept of
E-I dysfunction is not novel in the field of FASD (see (Sadrian et al., 2013) for review)
although the current understanding of E-I imbalance associated with FASD suggests that
PNEE leads to hyperexcitability possibly due to reduced inhibition caused by
impairments in interneuron proliferation by ethanol. It is possible that our proposed

imbalance may be specific to the DG, although this warrants further investigation.

4.6 Why does PNEE Result in Sex Differences in DG Synaptic Plasticity?
Theoretically developing male and female offspring have an equal likelihood to

be exposed to ethanol in the gestating female rat, which raises the question as to why we
observe different effects of PNEE on bidirectional synaptic plasticity between the sexes
as juveniles. As described in the introduction of this dissertation, there are differences

between the sexes in circulating sex hormones during early development and sex
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hormones can be synthesized in a variety of brain regions, including the hippocampus
(see (McCarthy, 2008, 2009) for review). It is possible that the aromatization of
testosterone to estradiol involved in masculinizing the male brain may play a role in
vulnerability to EtOH-exposure during this time. In immature neurons in the developing
brain GABA plays a dramatically different role than it does in mature neurons of the
adult brain. Due to high chloride levels caused by greater amounts of NKCCI, the
transporter that moved chloride into these cells, than KCC2, the transporter that removes
chloride from the cell, the chemical gradient drives chloride ions outwards, leading to
depolarization of the membrane and opening of voltage-gated receptors such as those for
calcium, when GABA receptors are activated (Rivera et al., 1999). Estradiol has long
been thought to have neuroprotective actions, due to at least in part its ability to dampen
potential glutamate-mediated excitotoxicity, potentially by downregulating mGluRs and
reducing calcium release from the endoplasmic reticulum in hippocampal neurons (Hilton
et al., 2006), although this idea is still an area of intense study. Considering that
activation of GABA receptors can lead to membrane depolarization and influx of
calcium, it is possible that over-activation of these receptors during development also has
the capacity to cause damage to the brain. Estradiol in fact enhances these GABA
responses by increasing calcium flux through voltage-gated LTCCs, which is important
in normal neural development for cell differentiation and synaptic integration (Ganguly et
al., 2001). In the context of this dissertation, EtOH is a positive allosteric modulator of
the GABA receptor (specifically of GABA,), and is delivered throughout the gestation
period. This raises the question as to whether it is possible that to coincidence of the
actions of estradiol and EtOH on GABA receptors in the male brain in particular could
contribute to the apparent vulnerability of this sex to impairments in bidirectional
synaptic plasticity in the DG and possibly reduced excitability of this area as suggested
by the work contained in this dissertation. Direct agonism of GABAA by muscimol
combined with estradiol has been shown to lead to increased hippocampal cell death, an
effect which could be prevented by blockade of LTCCs (Nuiiez et al., 2003; Nunez and
McCarthy, 2003). The effects of PNEE on hippocampal cell counts are subtle as
compared to the described widespread damage in the aforementioned study, although this

could be due to the fact that musicmol is itself an agonist of GABA receptors, whereas
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EtOH is a positive allosteric modulator and alone is not capable of activating the

receptor.

4.7 The Problem With Pair-Feeding

The purpose of a pair-fed control group when using a liquid diet model of PNEE
is to control for any potential confounds in administering a liquid diet. In this model of
PNEE pair-fed dams are weight-matched to an ethanol dam and the amount of diet
provided to the pair-fed dam is yoked to the amount consumed by the ethanol partner
dam. An ethanol dam is provided ad libitum access to an ethanol-containing diet which
can be consumed throughout the dark and following light cycle until it is replenished. All
experimental diets are replenished daily and provided within 2 hours of the beginning of
the dark cycle. In the present study ethanol dams consume on average 66.25¢g of diet per
day. In the case of the pair-fed dams they are provided with specific amounts of diet
according to the consumption volume of their ethanol partner dam and this is typically
consumed within a few hours of replenishment then the dam is effectively food deprived
until replenishment the following day (Gallo and Weinberg, 1981). While this strategy
may accurately account for the volume of diet consumed it does not control for
differences in the pattern of consumption. This altered and restricted pattern of diet
consumption likely lead to some form of prenatal stress which affects hippocampal
processing. Furthermore this diet does not account for ethanol-induced impairments in
intestinal micro- and macronutrient absorption, damage to intestinal mucosal epithelium
and inflammation of the gut (Bode and Bode, 2003; Bujanda, 2000; Weinberg, 1984). As
such, pair-feeding can be considered a separate experimental group rather than an
appropriate control to be used to evaluate the effect of PNEE on hippocampal synaptic
plasticity. This group was not included in the principal experiments outlined in this
dissertation but basic LTP and LTD comparisons in both sexes are made to the solid

chow control group in Appendix B.

4.8 Putative Therapies for FASD



116

A number of therapies have been proposed and demonstrated to restore a number
of functions across the various neurobehavioural domains that are commonly associated
with FASD (Bertrand, 2009). While specific pharmacological treatments have been
administered in conjunction with ethanol during gestation it is likely that the most
effective and most likely to be used treatments in humans may be administered

postnatally, long after the exposure has ceased.

Ethanol is known to increase ROS in the cell and has been shown to cause
increased oxidative stress in offspring following PNEE (Guerri et al., 1994; Montoliu et
al., 1995, 2002). As such, much work has investigated the potential use of a variety of
antioxidant dietary supplements or pharmacological treatments to attenuate some of the
various effects of teratogen exposure on brain structure and function. Treatment with
other antioxidants such as vitamin E (Heaton et al., 2000, 2002; Mitchell et al., 1999;
Siler-Marsiglio et al., 2005), and astaxanthin (Zheng et al., 2014) among many other
candidate compounds. Previous findings from our laboratory have supported the use of
omega-3 fatty acid diet supplementation to ameliorate hippocampal synaptic plasticity
(Patten et al., 2013b). Omega-3 fatty acids have beneficial effects on the brain in general
as a result of their anti-apoptotic , anti-inflammatory and antioxidant properties (Dyall et
al., 2007; Dyall and Michael-Titus, 2008; Gomez-Pinilla, 2008; Mori and Beilin, 2004).
Specifically, omega-3 supplementation in the diets of male PNEE offspring restored
normal DG LTP in vivo at adulthood.

The ethanol-induced deficiency in zinc in the developing brain has been
considered a putative mechanism by which this teratogen damages the CNS (Keen et al.,
2010) and as such dietary supplementation with Zinc during gestation has been used to
overcome PNEE-induced spatial learning and memory deficits (Summers et al., 2008).
Other substances such as vitamin A and folate have also been proposed as dietary
therapies to counteract the adverse effects of PNEE (Ballard et al., 2012; Ojeda et al.,
2009).
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Choline is an emerging therapeutic agent that has been used in both animal

models of PNEE and in human cases of FASD and shows great promise in mitigating the
structural and functional damage to the brain. This essential nutrient counteracts some of
the damage caused to basic outcomes of offspring including the common low birth
weights and developmental delays in some physical measures and behavioral functions
when delivered either prenatally or postnatally (Monk et al., 2012; Ryan et al., 2008;
Thomas et al., 2009, 2010). There have been a small number of clinical trials conducted
in human children and these results have indicated that choline treatment for young
children is feasible and tolerable (Wozniak et al., 2013) and may have potential
usefulness in improving cognition (Kable et al., 2015; Wozniak et al., 2015). In the latter
Wozniak study, there appeared to be an age-dependent effect of choline on memory, with

greatest benefits occurring in younger children.

Finally, behavioural interventions such as exercise and environmental enrichment
have regularly been used to counteract the impact of ethanol on the developing offspring.
Previous evidence from our laboratory has demonstrated the efficacy of exercise in
overcoming PNEE-induced deficits in hippocampal LTP, spatial memory and
neurogenesis (Boehme et al., 2011b; Brocardo et al., 2012; Christie et al., 2005).

4.9 Limitations

While it was surprising that the Tat-GluA2;y was unable to block DG LTD, it is
possible that this exposure may have resulted in insufficient penetration of the peptide
into the postsynaptic cells to effectively block phosphorylation on the tyrosine residues of
the GluA2 subunit. Furthermore, it is also possible that if AMPAR endocytosis is indeed
involved in the expression of this form of LTD that perhaps it does not require
phosphorylation at these sites on the GluA2. In order to confirm a true lack of
dependence of this LTD on phosphorylation of the tyrosine residue(s) on the GluA2
subunit of the AMPAR, a further set of experiments must be performed using a
perforated whole cell patch clamp technique where the peptide can be delivered directly

into the granule cell during LFSqoy of MPP fibres.
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In the field of PNEE the definition of experimental n’s can be controversial given
the method by which the subjects are generated. In this dissertation, experimental
manipulation in the form of the different diets is applied to a single subject (the dam), and
as such it can be viewed that all offspring from a single litter are considered an n of one
rather than of a potential 12. The potential confound of such ‘litter effects’ can be
attributed to dam variability such as in the case of this work in diet consumption, health
status and in maternal care, the confound of litter effects have been reviewed elsewhere
(Champagne et al., 2003; Holson and Pearce, 1992; Jensh et al., 1970; Zorrilla, 1997). As
such, the experimental n’s for each experiment contained within this dissertation are
described in number of slices, animals and litters. Future studies should comprise the use
of additional offspring from additional litters in order to ensure that the variability in our

experimental samples is representative.

4.10 Future Directions

4.10.1 Exploring the Impact of PNEE on Hippocampal Plasticity

The data from this dissertation are an initial foray into the various forms of
plasticity that may be impacted by PNEE in the juvenile DG and provide rationales for
studying other types of both LTP and LTD in this unique area.

One of the first priorities for future experiments is to further characterize this
novel juvenile DG LTD in order to begin identifying the mechanism by which this
plasticity is impaired by PNEE in males. First, we must identify which eCB is primarily
responsible for this signalling. It is likely that the retrograde signalling molecule is in fact
2-AG, however washing over a 2-AG degradation enzyme during LFSyy in addition to
MPEP should block the observed LTD if this the putative mechanism described in Figure
39 is representative of our experimental data. Additionally, pharmacological inhibition of
DAGL or PLC during LFSqy will also help further characterize the molecular
underpinnings of this LTD by washing over the drugs RHC-80267 or U73122

respectively. Finally, while we have identified a role for mGluRss in this LTD, it is
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possible that the other group I mGluR (mGluR) could be involved as they share common

second messenger cascades, and the potential role for this receptor should be determined.

Given that we found a sex-specific impairment in a form of LTD that involves
activation of CBI1 receptors, it would be interesting to investigate whether PNEE also
affects another form of eCB-LTD. To this end, there is accumulating evidence of a
relationship that exists between cannabinoids (endocannabinoids or drugs of abuse) and
ethanol. For example, cannabinoid administration in the neonatal brain appears to prime
the brain to be more vulnerable to the apoptotic effects of ethanol (Hansen et al., 2008).
In fact, the impact of ethanol consumption on the eCB system is thought to underlie some
aspects of ethanol addiction. CB1-dependent LTD is induced by LFS in the form of 10
minutes of stimulation at 10 Hz in the DG and is also dependent upon the function of
mGluRss, which are known to be impaired by PNEE (Galindo et al., 2004). Given the
previous findings that DG eCB-LTD impaired by chronic ethanol consumption could be
restored by pharmacological blockage of the eCB synthesis enzyme MAGL, it would be
worthwhile to examine whether this same pharmacological treatment could restore
normal DG LTD in male PNEE offspring. It would be particularly interesting to
investigate whether there are sex-specific impairments in this form of LTD as was found
in the present dissertation as a result of PNEE. Furthermore, in order to distinguish
whether PNEE affects one of either CBI1 receptor or mGluRs dependent forms of
plasticity, it would be necessary to induce pharmacological forms of LTD by washing
DHPG onto hippocampal slices to induce mGIluR-LTD in slices of both male and female
offspring. Further to this, given that PNEE significantly reduced the magnitude of
NMDAR-LTP it would be possible to investigate NMDAR-LTD by directly washing
NMDA onto in vitro hippocampal slices. Given the independence of this LTD of
NMDAR and LTCC activity, the use of a drug such as thapsigargin to reduce the amount
of calcium available to be released from intracellular stores may give a more complete

picture of some of the essential mechanisms for this LTD.

If PNEE does indeed result in an imbalance between excitation and inhibition we

could begin examining this electrophysiologically. It is possible that inhibitory circuitry
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in the DG could be participating in the mGluR5-CB1 LTD, as there are significantly

more CBI receptors on interneurons than there are on glutamatergic terminals, and the
I/O curves in males indicate either reduced excitability or enhanced inhibition, either of
which could impact LTD. One initial method by which we can test this is by
pharmacologically inhibiting GABA, receptors during the LFS in control and PNEE
males to determine whether the same effect of reduced magnitudes of LTD could be
observed. If altered, or potentially enhanced GABAergic transmission is involved in or
has direct impact on LTD in PNEE offspring then we might expect BIC treatment to

enhance LTD, possibly to control levels, in males.

In order to further examine the deficits in NMDAR-LTP in these offspring, the
use of alternative electrophysiological and autoradiographic techniques may be
necessary. First, by using whole-cell patch clamp techniques we are able to examine the
ion flux through the NMDARSs themselves to assess whether the LTP impairments may
be due to reduced current passing through these receptors. Similar to those studies
completed by Weaver and colleagues and Lee and colleagues (Lee et al., 1994; Weaver et
al., 1993), we could measure the intracellular rise in Ca’ in response to NMDA wash-
over on the slice and compare this rise in control and EtOH offspring to determine
specifically whether, as per the aforementioned authors, reduced Ca*" entry and
subsequently reduced second messenger signalling cascades could account for the lower
magnitudes of LTP following PNEE. Another potential method that could be used to
compliment this prospective study would be to conduct calcium imaging in the DG
granule cells in response to MPP stimulation, although this method may not provide the

resolution to dissociate subtle PNEE-induced changes in Ca*" dynamics.

In addition to the electrophysiological experiments described above it will be
important to identify how PNEE leads to the impairment in mGluRs-CB1 receptor-
dependent LTD and in NMDAR-dependent LTP. Given that there is evidence that EtOH
exposure can impact receptor number and function as well as ligand concentrations, these
factors will have to be evaluated in the DG of male and female offspring following

PNEE. Furthermore, the effect of PNEE on the number of mGluRss and NMDARS must
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also be evaluated using a technique such as western blotting. When assessing the number
of these synaptic receptors following PNEE the use of synaptic fractions of DG tissue
will be key to relate back to the plasticity findings of this dissertation. Furthermore, given
that CB1 receptors are located on excitatory and inhibitory terminals, confirming the
potential localization of any changes to receptor numbers to particular regions of the DG
can allow us to infer, based on location or potential co-localization with another set of
markers, whether there is a cell-type specific change in receptor number using

immunohistochemistry.

4.10.2. Associating Plasticity Deficits with Behavioural Impairment

Further validation of the changes in DG synaptic plasticity in juveniles of both
sexes can be conducted through a series of behavioural studies. The function of the DG
has been associated with a number of spatial learning and memory tasks including the
MWM, novel object recognition and the metric change task among others (Patten et al.,
2016b; Richter-Levin et al., 1994, 1995; Straube et al., 2003). Given that DG LTP has
been associated with exploration of novel environments and DG LTD has been involved
in exploration of large directional objects (Kemp and Manahan-Vaughan, 2008)
employing tasks that incorporate these separate aspects may help in dissociating the sex-
specific LTD impairments in males from the LTP impairments in both sexes following

PNEE during the juvenile developmental period.

In this dissertation we found that the delivery of additional CSs was able to
maximize and overcome PNEE-induced plasticity deficits. These results could loosely be
associated with spatial memory behavioural experiments where there are groups that
receive variable amounts of training on the task where animals receiving the standard
amount of training trials, for example in a MWM task, may show PNEE-induced deficits
and a group being overtrained would likely show no differences between control and
PNEE offspring. While this is not directly related to, for example the delivery of
additional HFS to overcome LTP deficit these experiments may provide additional
evidence that PNEE may impair the function of plasticity machinery but in a way that can

be overcome to restore normal plasticity and perhaps memory function. This hypothetical
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set of experiments may actually help align the discrepancies observed in the effect of
PNEE on, for example, MWM learning and memory as many of these studies use
variable training paradigms which could in some cases involve overtraining PNEE
offspring and potentially washing out the subtle effects of PNEE on hippocampal
processing. Furthermore, it would be worthwhile to examine how juvenile PNEE
offspring of both sexes are affected in reversal learning in a spatial memory task such as
the MWM, where the hidden platform is moved to a new location and the animal must
‘edit’ the original spatial memory to acquire the new location. When the platform
location is rotated to a new place each day, adult PNEE offspring show delays in learning

the new location (Savage et al., 2002).

4.10.3. Impact of PNEE on Non-Hippocampal Learning

While there is a wealth of literature examining how the hippocampus is affected
by PNEE there are other areas of the brain capable of supporting other forms of learning
and memory that are also likely to be affected by PNEE.

Of particular interest is the impact of PNEE on the main olfactory system, which
plays essential roles in all aspects of rodent development and behaviour. Dysfunction of
the olfactory system has recently been used as an early indicator for various
neurodevelopmental and neurodegenerative conditions (see (Wilson et al., 2014) for
review). An early pathological study described significant damage to the olfactory bulb
(OB) and olfactory stalks of children and fetuses heavily exposed to ethanol prenatally
(Peiffer et al., 1979). Physical damage to structures of the olfactory system have also
been reported in animal models of FASD (Akers et al., 2011; Bonthius and West, 1991a;
Parnell et al., 2009). Children and adolescents exposed to ethanol in utero have been
reported to have impaired olfactory identification abilities for common household odours
and have been considered to have blunted responses to both smell and taste (Bower et al.,
2013; Hansen and Jirikowic, 2013). Despite this, offspring that have been exposed to
ethanol in utero have heightened responses to the smell and taste of ethanol itself,
perhaps due to some associations formed by the smell and taste of ethanol in the amniotic

fluid (Faas et al., 2000; Schaal et al., 2000), which may play a role in the susceptibility of
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these individuals to alcoholism later in life (Spear and Molina, 2005; Youngentob and

Glendinning, 2009).

There are several similarities between the hippocampus and the two key areas of
the olfactory system, the OB and the olfactory or piriform cortex (PC). Like the DG, the
OB supports adult neurogenesis in rodents as well as glutamatergic synaptic plasticity at
the first synapse for olfactory system entering the brain (olfactory nerve — mitral cell
synapse). The PC also shares characteristics of the hippocampus in that it is also a three-
layered, paleocortical structure and is plays a role in pattern completion and separation of
odour mixtures similar to the hippocampus for spatial and object pattern completion and
separation. The PC itself also projects to the EC, providing access for the hippocampus to
olfactory information. The PC also supports glutamatergic synaptic plasticity and is
essential for olfactory associative learning, and in particular for early odor preference
learning (EOPL) (Yuan et al., 2014). Furthermore, PNEE causes significant changes to
genes important for synaptic plasticity in olfactory areas of juvenile rats (Middleton et al.,
2009). An initial study reported EOPL deficits in young offspring exposed to ethanol
during gestation (Barron et al., 1988) although these deficits in associative olfactory
memory were not apparent at adulthood. In support of a possible age-dependent deficit in
olfactory learning, a recent study found that while odour associative memories were
intact at adulthood, fine odour discrimination was impaired by PNEE (Akers et al., 2011).
These fascinating anatomical and behavioural deficits related to the olfactory system
have, as yet, been associated with functional impairments in the circuitry of either the OB

or PC and thus these areas are ripe for dissociating the mechanism for damage by PNEE.

4.11 Conclusions

The experiments contained within this dissertation shed light on the potential
ways in which PNEE can impair neural communication, synaptic plasticity and ultimately
learning and memory. We showed that PNEE alters the threshold for induction of
bidirectional synaptic plasticity in the DGs in juvenile males and in the threshold for
NMDAR-dependent synaptic potentiation only in juvenile female offspring. To our
knowledge this is the first study to examine de novo LTD in the DG of juvenile rats
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following PNEE. These data suggest that in this model of FASD, additional stimulation is

necessary to recruit necessary receptors and initiate their downstream second messenger
signaling cascades in order to achieve control-level bidirectional synaptic plasticity. This
piece of the puzzle that is FASD is important and rarely reported in the literature due to
few studies investigating plasticity beyond LTP or LTD induced by a single conditioning
stimulus train. Facilitating function or recruitment of these signaling systems could be
leveraged by therapeutic treatments in the future. In addition to addressing our research
question, this work also found a novel form of LTD in the juvenile rat DG that was
dependent on the synergistic function of both CBlreceptors and mGluRss. The findings
of this work offer important insights into the juvenile DG of both males and females and
identify signalling cascades that can be targeted therapeutically for critical early

intervention for young children suffering from FASD.



125

Bibliography

Abdollah, S., and Brien, J. F. (1995). Effect of chronic maternal ethanol administration
on glutamate and N-methyl-d-aspartate binding sites in the hippocampus of the near-
term fetal guinea pig. Alcohol 12, 377-382. doi:10.1016/0741-8329(95)00021-I.

Abe, K., Sugiura, M., Yamaguchi, S., Shoyama, Y., and Saito, H. (1999). Saffron extract
prevents acetaldehyde-induced inhibition of long-term potentiation in the rat dentate
gyrus in vivo. Brain Res. 851, 287-289. doi:10.1016/S0006-8993(99)02174-5.

Abel, E. L. (1979). Prenatal effects of alcohol on adult learning in rats. Pharmacol.
Biochem. Behav. 10, 239-243. doi:10.1016/0091-3057(79)90094-7.

Abraham, W. C. & Williams, J. M. (2003). Properties and mechanisms of LTP
maintenance. Neuroscientist 9, 463-74.

Ahmadian, G., Ju, W., Liu, L., Wyszynski, M., Lee, S. H., Dunah, A. W., et al. (2004).
Tyrosine phosphorylation of GluR2 is required for insulin-stimulated AMPA
receptor endocytosis and LTD. EMBO J. 23, 1040-50.
doi:10.1038/sj.emboj.7600126.

Ahrnsbrak, R., Bose, J., Hedden, S. L., Lipari, R. N., Park-Lee, E., and Tice, P. (2016).
National Survey on Drug Use and Health Key Substance Use and Mental Health
Indicators in the United States: Results from the 2016 National Survey on Drug Use
and Health Results from the 2016 National Survey on Drug Use and Health.
Available at: https://www. [Accessed July 6, 2018].

Akers, K. G., Kushner, S. A., Leslie, A. T., Clarke, L., van der Kooy, D., Lerch, J. P., et
al. (2011). Fetal alcohol exposure leads to abnormal olfactory bulb development and
impaired odor discrimination in adult mice. Mol. Brain 4, 29. doi:10.1186/1756-
6606-4-29.

Allan, A. M., Chynoweth, J., Tyler, L. A., and Caldwell, K. K. (2003). A mouse model of
prenatal ethanol exposure using a voluntary drinking paradigm. Alcohol Clin Exp
Res 27,2009-2016. doi:10.1097/01.ALC.0000100940.95053.72.

Altura, B. M., Altura, B. T., Carella, A., Chatterjee, M., Halevy, S., and Tejani, N.
(1982). Alcohol produces spasms of human umbilical blood vessels: relationship to
fetal alcohol syndrome (FAS). Eur. J. Pharmacol. 86, 311-2. doi:10.1016/0014-
2999(82)90335-1.

Amaral, D. G., and Lavenex, P. (2007). The Dentate Gyrus: A Comprehensive Guide to
Structure, Function, and Clinical Implications. Elsevier doi:10.1016/S0079-
6123(07)63001-5.

An, L., Yang, Z., and Zhang, T. (2013). Imbalanced synaptic plasticity induced spatial
cognition impairment in male offspring rats treated with chronic prenatal ethanol
exposure. Alcohol. Clin. Exp. Res. 37, 763—70. doi:10.1111/acer.12040.

An, L., and Zhang, T. (2013). Spatial cognition and sexually dimorphic synaptic
plasticity balance impairment in rats with chronic prenatal ethanol exposure. Behav.
Brain Res. 256, 564—74. doi:10.1016/j.bbr.2013.09.017.

Andersen, P., Bliss, T. V. P., and Skrede, K. K. (1971). Lamellar organization of
hippocampal excitatory pathways. Exp. Brain Res. 13, 222-238.
doi:10.1007/BF00234087.



126

Andersen, P., Sundberg, S. H., Sveen, O., and Wigstrom, H. (1977). Specific long-lasting
potentiation of synaptic transmission in hippocampal slices. Nature 266, 736—737.
doi:10.1038/266736a0.

Anderson, P., Morris, R., Amaral, D., Bliss, T., and O’Keefe, J. (2007). The
Hippocampus Book. doi:10.1093/acprot:0s0/9780195100273.001.0001.

Araque, A., Castillo, P. E., Manzoni, O. J., and Tonini, R. (2017). Synaptic functions of
endocannabinoid signaling in health and disease. Neuropharmacology 124, 13-24.
doi:10.1016/j.neuropharm.2017.06.017.

Arnold, A. P., and Breedlove, S. M. (1985). Organizational and activational effects of sex
steroids on brain and behavior: A reanalysis. Horm. Behav. 19, 469—498.
doi:10.1016/0018-506X(85)90042-X.

Astley, S. J. (2010). Profile of the first 1,400 patients receiving diagnostic evaluations for
fetal alcohol spectrum disorder at the Washington State Fetal Alcohol Syndrome
Diagnostic &amp; Prevention Network. Can. J. Clin. Pharmacol. 17, e132-64.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/20335648 [Accessed June 6,
2018].

Astley, S. J. (2012). “Diagnosing Fetal Alcohol Spectrum Disorders (FASD),” in
Prenatal Alcohol Use and Fetal Alcohol Spectrum Disorders: Diagnosis,
Assessment and New Directions in Research and Multimodal Treatment, ed. S. J.
Astley (BENTHAM SCIENCE PUBLISHERS), 3-29.
doi:10.2174/978160805031411101010003.

Astley, S. J., and Clarren, S. K. (1996). A case definition and photographic screening tool
for the facial phenotype of fetal alcohol syndrome. J. Pediatr. 129, 33—41.
doi:10.1016/S0022-3476(96)70187-7.

Auger, A. P., and Olesen, K. M. (2009). Brain Sex Differences and the Organisation of
Juvenile Social Play Behaviour. J. Neuroendocrinol. 21, 519-525.
doi:10.1111/5.1365-2826.2009.01871.x.

Badger, T. M., Hidestrand, M., Shankar, K., McGuinn, W. D., and Ronis, M. J. (2005).
The effects of pregnancy on ethanol clearance. Life Sci. 77, 2111-2126.
doi:10.1016/;.1£s.2005.02.019.

Ballard, M. S., Sun, M., and Ko, J. (2012). Vitamin A, folate, and choline as a possible
preventive intervention to fetal alcohol syndrome. Med. Hypotheses 78, 489—493.
doi:10.1016/J.MEHY.2012.01.014.

Barnes, D. C., Hofacer, R. D., Zaman, A. R., Rennaker, R. L., and Wilson, D. A. (2008).
Olfactory perceptual stability and discrimination. Nat. Neurosci. 11, 1378-1380.
doi:Doi 10.1038/Nn.2217.

Barnes, D. E., and Walker, D. W. (1981). Prenatal ethanol exposure permanently reduces
the number of pyramidal neurons in rat hippocampus. Dev. Brain Res. 1, 333-340.
doi:10.1016/0165-3806(81)90071-7.

Barria, A., Muller, D., Derkach, V., Griffith, L. C., and Soderling, T. R. (1997).
Regulatory phosphorylation of AMPA-type glutamate receptors by CaM-KII during
long-term potentiation. Science (80-. ). 276, 2042-2045.
doi:10.1126/science.276.5321.2042.

Barrionuevo, G., Schottler, F., and Lynch, G. (1980). The effects of repetitive low
frequency stimulation on control and “potentiated” synaptic responses in the
hippocampus. Life Sci. 27, 2385-2391. doi:10.1016/0024-3205(80)90509-3.



127

Barron, S., Gagnon, W. a, Mattson, S. N., Kotch, L. E., Meyer, L. S., and Riley, E. P.
(1988). The effects of prenatal alcohol exposure on odor associative learning in rats.
Neurotoxicol. Teratol. 10, 333-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/3226376.

Basavarajappa, B. (2015). Fetal Alcohol Spectrum Disorder: Potential Role of
Endocannabinoids Signaling. Brain Sci. 5, 456—493. doi:10.3390/brainsci5040456.

Basavarajappa, B. S., Cooper, T. B., and Hungund, B. L. (1998). Chronic ethanol
administration down-regulates cannabinoid receptors in mouse brain synaptic
plasma membrane. Brain Res 793, 212-218. d0i:S0006-8993(98)00175-9 [pii].

Basavarajappa, B. S., Ninan, I., and Arancio, O. (2008). Acute ethanol suppresses
glutamatergic neurotransmission through endocannabinoids in hippocampal
neurons. J. Neurochem. 107, 1001-1013. doi:10.1111/j.1471-4159.2008.05685 .x.

Bashir, Z., and Collingridge, G. (1994). An investigation of depotentiation of long-term
potentiation in the CA1 region of the hippocampus. Exp. Brain Res. 79, 437-443.
doi:10.1007/BF00229183.

Baulieu, E. . (1998). NEUROSTEROIDS: A NOVEL FUNCTION OF THE BRAIN.
Psychoneuroendocrinology 23, 963-987. doi:10.1016/S0306-4530(98)00071-7.

Bayer, S. A. (1980). Development of the hippocampal region in the rat. I. Neurogenesis
examined with 3H-thymidine autoradiography. J. Comp. Neurol. 190, 87—-114.
do0i:10.1002/cne.901900107.

Bayer, S. A., and Altman, J. (1975). The effects of X-irradiation on the postnatally-
forming granule cell populations in the olfactory bulb, hippocampus, and cerebellum
of the rat. Exp. Neurol. 48, 167-174. doi:10.1016/0014-4886(75)90231-9.

Bayer, S. A., and Altman, J. (1987). Directions in neurogenetic gradients and patterns of
anatomical connections in the telencephalon. Prog. Neurobiol. 29, 57-106.
doi:10.1016/0301-0082(87)90015-3.

Bear, M. F., and Malenka, R. C. (1994). Synaptic plasticity: LTP and LTD. Curr. Opin.
Neurobiol. 4, 389-399. doi:10.1016/0959-4388(94)90101-5.

Bearer, C. F., Santiago, L. M., O’Riordan, M. A., Buck, K., Lee, S. C., and Singer, L. T.
(2005). Fatty Acid ethyl esters: quantitative biomarkers for maternal alcohol
consumption. J. Pediatr. 146, 824-30. doi:10.1016/j.jpeds.2005.01.048.

Beattie, E. C., Carroll, R. C., Yu, X., Morishita, W., Yasuda, H., von Zastrow, M., et al.
(2000). Regulation of AMPA receptor endocytosis by a signaling mechanism shared
with LTD. Nat. Neurosci. 3, 1291-1300. doi:10.1038/81823.

Bell, M. E., Bourne, J. N., Chirillo, M. A., Mendenhall, J. M., Kuwajima, M., and Harris,
K. M. (2014). Dynamics of nascent and active zone ultrastructure as synapses
enlarge during long-term potentiation in mature hippocampus. J. Comp. Neurol.
522, 3861-3884. doi:10.1002/cne.23646.

Bellinger, F. P., Bedi, K. S., Wilson, P., and Wilce, P. A. (1999). Ethanol exposure
during the third trimester equivalent results in long-lasting decreased synaptic
efficacy but not plasticity in the CA1 region of the rat hippocampus. Synapse 31,
51-8. doi:10.1002/(SICI)1098-2396(199901)31:1<51:: AID-SYN7>3.0.CO;2-O.

Benz, J., Rasmussen, C., and Andrew, G. (2009). Diagnosing fetal alcohol spectrum
disorder: History, challenges and future directions. Paediatr. Child Health 14, 231—
7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/20357921 [Accessed May 9,
2018].



128

Berman, R. F., and Hannigan, J. H. (2000). Effects of prenatal alcohol exposure on the
hippocampus: spatial behavior, electrophysiology, and neuroanatomy. Hippocampus
10, 94-110. doi:10.1002/(SICI)1098-1063(2000)10:1<94::AID-HIPO11>3.0.CO;2-
T.

Bertrand, J. (2009). Interventions for children with fetal alcohol spectrum disorders
(FASDs): overview of findings for five innovative research projects. Res Dev
Disabil 30, 986—1006. doi:S0891-4222(09)00027-4 [pii]10.1016/j.ridd.2009.02.003.

Blanchard, B. A., Riley, E. P., and Hannigan, J. H. (1987). Deficits on a spatial
navigation task following prenatal exposure to ethanol. Neurotoxicol Teratol 9, 253—
258. doi:0892-0362(87)90010-9 [pii].

Bliss, T., Collingridge, G., and Morris, R. (2007). “Synaptic plasticity in the
hippocampus,” in The Hippocampus Book, eds. P. Andersen, R. Morris, D. Amaral,
T. Bliss, and J. O’Keefe (Oxford University Press), 343—444.

Bliss, T., and Lomo, T. (1973). Long-Lasting Potentiation of Synaptic Transmission in
the Dentate Area of the Anesthetized Rabbit Following Stimulation of the Perforant
Path. J. Physiol. 232, 331-356.

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long- term
potentiation in the hippocampus. Nature 361, 31-39.

Bode, C., and Bode, C. J. (2003). Effect of alcohol consumption on the gut. Best Pract.
Res. Clin. Gastroenterol. 17, 575-592. doi:10.1016/S1521-6918(03)00034-9.

Boehme, F., Gil-Mohapel, J., Cox, A., Patten, A., Giles, E., Brocardo, P. S., et al.
(2011a). Voluntary exercise induces adult hippocampal neurogenesis and BDNF
expression in a rodent model of fetal alcohol spectrum disorders. Eur. J. Neurosci.
33, 1799-1811. doi:10.1111/5.1460-9568.2011.07676.x.

Boehme, F., Gil-Mohapel, J., Cox, A., Patten, A., Giles, E., Brocardo, P. S., et al.
(2011b). Voluntary exercise induces adult hippocampal neurogenesis and BDNF
expression in a rodent model of fetal alcohol spectrum disorders. Eur J Neurosci 33,
1799-1811. doi:10.1111/5.1460-9568.2011.07676.x.

Bond, N. W., and Di Giusto, E. L. (1977). Prenatal alcohol consumption and open-field
behaviour in rats: Effects of age at time of testing. Psychopharmacology (Berl). 52,
311-312. doi:10.1007/BF00426717.

Bonthius, D. J., and West, J. R. (1990). Alcohol-induced neuronal loss in developing rats:
increased brain damage with binge exposure. Alcohol. Clin. Exp. Res. 14, 107-118.

Bonthius, D. J., and West, J. R. (1991a). Acute and long-term neuronal deficits in the rat
olfactory bulb following alcohol exposure during the brain growth spurt.
Neurotoxicol. Teratol. 13, 611-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/1779948.

Bonthius, D. J., and West, J. R. (1991b). Permanent neuronal deficits in rats exposed to
alcohol during the brain growth spurt. Teratology 44, 147-63.
doi:10.1002/tera.1420440203.

Bortolotto, Z. A., Amici, M., Anderson, W. W, Isaac, J. T. R., Collingridge, G. L.,
Bortolotto, Z. A., et al. (2011). “Synaptic Plasticity in the Hippocampal Slice
Preparation,” in Current Protocols in Neuroscience (Hoboken, NJ, USA: John
Wiley & Sons, Inc.), 6.13.1-6.13.26. doi:10.1002/0471142301.ns0613s54.

Boss, B. D., Peterson, G. M., and Maxwell Cowan, W. (1985). On the number of neurons
in the dentate gyrus of the rat. Brain Res. 338, 144—-150. doi:10.1016/0006-



129

8993(85)90257-4.

Bower, E., Szajer, J., Mattson, S. N., Riley, E. P., and Murphy, C. (2013). Impaired odor
identification in children with histories of heavy prenatal alcohol exposure. Alcohol
47, 275-8. doi:10.1016/j.alcohol.2013.03.002.

Brady, M. L., Diaz, M. R., luso, A., Everett, J. C., Valenzuela, C. F., and Caldwell, K. K.
(2013). Moderate prenatal alcohol exposure reduces plasticity and alters NMDA
receptor subunit composition in the dentate gyrus. J. Neurosci. 33, 1062-7.
doi:10.1523/JINEUROSCI.1217-12.2013.

Breindl, A., Derrick, B. E., Rodriguez, S. B., and Martinez, J. L. (1994). Opioid receptor-
dependent long-term potentiation at the lateral perforant path-CA3 synapse in rat
hippocampus. Brain Res. Bull. 33, 17-24. doi:10.1016/0361-9230(94)90045-0.

Bridgman, J. (1948). A morphological study of the development of the placenta of the rat.
I. An outline of the development of the placenta of the white rat. J. Morphol. 83, 61—
85. doi:10.1002/jmor.1050830104.

Brien, J. F., Clarke, D. W., Richardson, B., and Patrick, J. (1985). Disposition of ethanol
in maternal blood, fetal blood, and amniotic fluid of third-trimester pregnant ewes.
Am. J. Obstet. Gynecol. 152, 583-90. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/4014353 [Accessed May 24, 2018].

Brocardo, P. S., Boehme, F., Patten, A., Cox, A., Gil-Mohapel, J., and Christie, B. R.
(2012). Anxiety- and depression-like behaviors are accompanied by an increase in
oxidative stress in a rat model of fetal alcohol spectrum disorders: Protective effects
of voluntary physical exercise. Neuropharmacology 62.
doi:10.1016/j.neuropharm.2011.10.006.

Bujanda, L. (2000). The effects of alcohol consumption upon the gastrointestinal tract.
Am. J. Gastroenterol. 95, 3374-3382. d0i:10.1111/j.1572-0241.2000.03347 .x.

Burd, L., Blair, J., and Dropps, K. (2012). Prenatal alcohol exposure, blood alcohol
concentrations and alcohol elimination rates for the mother, fetus and newborn. J.
Perinatol. 32, 652—-659. doi:10.1038/jp.2012.57.

Burd, L., Deal, E., Rios, R., Adickes, E., Wynne, J., and Klug, M. G. (2007a). Congenital
Heart Defects and Fetal Alcohol Spectrum Disorders. Congenit. Heart Dis. 2, 250—
255. doi:10.1111/5.1747-0803.2007.00105.x.

Burd, L., and Hofer, R. (2008). Biomarkers for detection of prenatal alcohol exposure: A
critical review of fatty acid ethyl esters in meconium. Birth Defects Res. Part A Clin.
Mol. Teratol. 82, 487-493. doi:10.1002/bdra.20464.

Burd, L., Roberts, D., Olson, M., and Odendaal, H. (2007b). Ethanol and the placenta: A
review. J. Matern. Neonatal Med. 20, 361-375. doi:10.1080/14767050701298365.

Byrnes, M. L., Richardson, D. P., Brien, J. F., Reynolds, J. N., and Dringenberg, H. C.
(2004). Spatial acquisition in the Morris water maze and hippocampal long-term
potentiation in the adult guinea pig following brain growth spurt--prenatal ethanol
exposure. Neurotoxicol. Teratol. 26, 543-51. doi:10.1016/j.ntt.2004.04.005.

Caprara, D. L., Klein, J., and Koren, G. (2006). Diagnosis of fetal alcohol spectrum
disorder (FASD): fatty acid ethyl esters and neonatal hair analysis. Ann. Ist. Super.
Sanita 42, 39—45. Available at: http://www.ncbi.nlm.nih.gov/pubmed/16801724
[Accessed May 2, 2018].

Carroll, R. C., Beattie, E. C., von Zastrow, M., and Malenka, R. C. (2001). Role of ampa
receptor endocytosis in synaptic plasticity. Nat. Rev. Neurosci. 2, 315-324.



130

doi:10.1038/35072500.

Castillo, P. E. (2012). Presynaptic LTP and LTD of excitatory and inhibitory synapses.
Cold Spring Harb. Perspect. Biol. 4, a005728. doi:10.1101/cshperspect.a005728.

Castillo, P. E., Younts, T. J., Chavez, A. E., and Hashimotodani, Y. (2012).
Endocannabinoid Signaling and Synaptic Function. Neuron 76, 70-81.
doi:10.1016/J.NEURON.2012.09.020.

Cebolla, A. M., Cheron, G., Hourez, R., Bearzatto, B., Dan, B., and Servais, L. (2009).
Effects of maternal alcohol consumption during breastfeeding on motor and
cerebellar Purkinje cells behavior in mice. Neurosci. Lett. 455, 4—7.
doi:10.1016/J.NEULET.2009.03.034.

Champagne, F. A., Francis, D. D., Mar, A., and Meaney, M. J. (2003). Variations in
maternal care in the rat as a mediating influence for the effects of environment on
development. Physiol. Behav. 79, 359-71. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12954431 [Accessed December 16, 2018].

Chandrasekar, R. (2013). Alcohol and NMDA receptor: current research and future
direction. Front. Mol. Neurosci. 6, 14. doi:10.3389/fnmo1.2013.00014.

Chen, W.-J. A., McAlhany, R. E., and West, J. R. (1995). 4-Methylpyrazole, an alcohol
dehydrogenase inhibitor, exacerbates alcohol-induced microencephaly during the
brain growth spurt. Alcohol 12,351-355. doi:10.1016/0741-8329(95)00017-L.

Chevaleyre, V., Takahashi, K. A., and Castillo, P. E. (2006). ENDOCANNABINOID-
MEDIATED SYNAPTIC PLASTICITY IN THE CNS. Annu. Rev. Neurosci. 29,
37-76. doi:10.1146/annurev.neuro.29.051605.112834.

Chiu, C. Q., and Castillo, P. E. (2008). Input-specific plasticity at excitatory synapses
mediated by endocannabinoids in the dentate gyrus. Neuropharmacology 54, 68-78.
doi:10.1016/j.neuropharm.2007.06.026.

Choi, I. Y., Allan, A. M., and Cunningham, L. A. (2005). Moderate fetal alcohol
exposure impairs the neurogenic response to an enriched environment in adult mice.
Alcohol Clin Exp Res 29, 2053-2062. doi:00000374-200511000-00020 [pii].

Choleris, E., Galea, L. A. M., Sohrabji, F., and Frick, K. M. (2018). Sex differences in
the brain: Implications for behavioral and biomedical research. Neurosci. Biobehav.
Rev. 85, 126-145. doi:10.1016/J NEUBIOREV.2017.07.005.

Christie, B. R., Kerr, D. S., and Abraham, W. C. (1994). Flip side of synaptic plasticity:
long-term depression mechanisms in the hippocampus. Hippocampus 4, 127-35.
doi:10.1002/hip0.450040203.

Christie, B. R., Magee, J. C., and Johnston, D. (1996). The role of dendritic action
potentials and Ca2+ influx in the induction of homosynaptic long-term depression in
hippocampal CA1 pyramidal neurons. Learn. Mem. 3, 160—169. doi:10.1101/Im.3.2-
3.160.

Christie, B. R., Schexnayder, L. K., and Johnston, D. (1997). Contribution of voltage-
gated Ca2+ channels to homosynaptic long-term depression in the CA1 region in
vitro. J. Neurophysiol. 77, 1651-1655.

Christie, B. R., Swann, S. E., Fox, C. J., Froc, D., Lieblich, S. E., Redila, V., et al. (2005).
Voluntary exercise rescues deficits in spatial memory and long-term potentiation in
prenatal ethanol-exposed male rats. Eur. J. Neurosci. 21, 1719-1726.
doi:10.1111/5.1460-9568.2005.04004..x.

Clarke, D. W., Steenaart, N. A., Breedon, T. H., and Brien, J. F. (1985). Differential



131

pharmacokinetics for oral and intraperitoneal administration of ethanol to the
pregnant guinea pig. Can. J. Physiol. Pharmacol. 63, 169—72. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/3986701 [Accessed May 24, 2018].

Coles, C. D., Goldstein, F. C., Lynch, M. E., Chen, X., Kable, J. A., Johnson, K. C., et al.
(2011). Memory and brain volume in adults prenatally exposed to alcohol. Brain
Cogn. 75, 67-77. doi:10.1016/J.BANDC.2010.08.013.

Colombo, G., Serra, S., Vacca, G., Carai, M. A. M., and Gessa, G. L. (2005).
Endocannabinoid system and alcohol addiction: Pharmacological studies.
Pharmacol. Biochem. Behav. 81, 369-380. doi:10.1016/J.PBB.2005.01.022.

Compagnone, N. A., and Mellon, S. H. (2000). Neurosteroids: Biosynthesis and Function
of These Novel Neuromodulators. Front. Neuroendocrinol. 21, 1-56.
doi:10.1006/frne.1999.0188.

Cook, J. L., Green, C. R., Lilley, C. M., Anderson, S. M., Baldwin, M. E., Chudley, A.
E., etal. (2016). Fetal alcohol spectrum disorder: a guideline for diagnosis across the
lifespan. CMAJ 188, 191-7. doi:10.1503/cmaj.141593.

Cordoba Montoya, D. A., Carrer, H. F. F., Cordoba-Montoya, D. A., and Carrer, H. F. F.
(1997). Estrogen facilitates induction of long term potentiation in the hippocampus
of awake rats. Brain Res. 778, 430-438. doi:10.1016/S0006-8993(97)01206-7.

Coriale, G., Fiorentino, D., Di Lauro, F., Marchitelli, R., Scalese, B., Fiore, M., et al.
(2013). Fetal Alcohol Spectrum Disorder (FASD): neurobehavioral profile,
indications for diagnosis and treatment. Riv. Psichiatr. 48, 359—609.
doi:10.1708/1356.15062.

Costa, E. T., Olivera, D. S., Meyer, D. A., Ferreira, V. M., Soto, E. E., Frausto, S., et al.
(2000). Fetal alcohol exposure alters neurosteroid modulation of hippocampal N-
methyl-D-aspartate receptors. J. Biol. Chem. 275, 38268-74.
doi:10.1074/jbc.M004136200.

Cotman, C., Taylor, D., and Lynch, G. (1973). Ultrastructural changes in synapses in the
dentate gyrus of the rat during development. Brain Res. 63, 205-213.
doi:10.1016/0006-8993(73)90089-9.

Coussens, C. M., Kerr, D. S., and Abraham, W. C. (1997). Glucocorticoid Receptor
Activation Lowers the Threshold for NMDA-Receptor-Dependent Homosynaptic
Long-Term Depression in the Hippocampus Through Activation of Voltage-
Dependent Calcium Channels. J. Neurophysiol. 78, 1-9. doi:10.1152/jn.1997.78.1.1.

Creeley, C. E., and Olney, J. W. (2014). Drug-Induced Apoptosis: Mechanism by which
Alcohol and Many Other Drugs Can Disrupt Brain Development. Brain Sci. 3, 1-28.
doi:10.3390/brainsci3031153.Drug-Induced.

Cummings, J. A., Mulkey, R. M., Nicoll, R. A., and Malenka, R. C. (1996). Ca2+
signaling requirements for long-term depression in the hippocampus. Neuron 16,
825-33. Available at: http://www.ncbi.nlm.nih.gov/pubmed/8608000 [Accessed
July 3, 2018].

Curley, J. P., Champagne, F. A., Bateson, P., and Keverne, E. B. (2008).
Transgenerational effects of impaired maternal care on behaviour of offspring and
grandoffspring. Anim. Behav. 75, 1551-1561.
doi:10.1016/J.ANBEHAV.2007.10.008.

Dahl, D., Burgard, E. C., and Sarvey, J. M. (1990). NMDA receptor antagonists reduce
medial, but not lateral, perforant path-evoked EPSPs in dentate gyrus of rat



132

hippocampal slice. Exp. Brain Res. 83, 172—177. doi:10.1007/BF00232206.

Davies, M. (2003). The role of GABAA receptors in mediating the effects of alcohol in
the central nervous system. J. Psychiatry Neurosci. 28, 263—74. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12921221 [Accessed May 29, 2018].

Davis, M. L. (2008). Ethanol-BDNF interactions: Still more questions than answers.
Pharmacol. Ther. 118, 36-57. doi:10.1016/J.PHARMTHERA.2008.01.003.

Davis, S., Butcher, S. P., and Morris, R. G. (1992). The NMDA receptor antagonist D-2-
amino-5-phosphonopentanoate (D-AP5) impairs spatial learning and LTP in vivo at
intracerebral concentrations comparable to those that block LTP in vitro. J.
Neurosci. 12, 21-34. doi:10.1523/JNEUROSCI.12-01-00021.1992.

Day, M., and Good, M. (2005). Ovariectomy-induced disruption of long-term synaptic
depression in the hippocampal CA1 region in vivo is attenuated with chronic
estrogen replacement. Neurobiol. Learn. Mem. 83, 13-21.
doi:10.1016/j.nlm.2004.06.009.

de Fonseca, F. R., Cebeira, M., Ramos, J. A., Martin, M., and Fernandez-Ruiz, J. J.
(1994). Cannabinoid receptors in rat brain areas: Sexual differences, fluctuations
during estrous cycle and changes after gonadectomy and sex steroid replacement.
Life Sci. 54, 159-170. doi:10.1016/0024-3205(94)00585-0.

Deitrich, R. A., Dunwiddie, T. V, Harris, R. A., and Erwin, V. G. (1989). Mechanism of
action of ethanol: initial central nervous system actions. Pharmacol. Rev. 41.

Deitrich, R., Zimatkin, S., and Pronko, S. (2006). Oxidation of Ethanol in the Brain and
Its Consequences. Alcohol Res. 29, 266. Available at:
https://www.questia.com/library/journal/1P3-1296890601/oxidation-of-ethanol-in-
the-brain-and-its-consequences [Accessed September 17, 2018].

del Campo, M., and Jones, K. L. (2017). A review of the physical features of the fetal
alcohol spectrum disorders. Eur. J. Med. Genet. 60, 55—64.
doi:10.1016/J.EJMG.2016.10.004.

Delaney, K. R., Zucker, R. S., and Tank, D. W. (1989). Calcium in motor nerve terminals
associated with posttetanic potentiation. J. Neurosci. 9, 3558—67.
doi:10.1523/INEUROSCI.09-10-03558.1989.

Derkach, V. A., Oh, M. C., Guire, E. S., and Soderling, T. R. (2007). Regulatory
mechanisms of AMPA receptors in synaptic plasticity. Nat. Rev. Neurosci. 8, 101—
13. doi:10.1038/nrn2055.

Derrick, B. E., Rodriguez, S. B., Lieberman, D. N., and Martinez, J. L. (1992). Mu opioid
receptors are associated with the induction of hippocampal mossy fiber long-term
potentiation. J. Pharmacol. Exp. Ther. 263.

Desmond, N. L., Zhang, D. X., and Levy, W. B. (2000). Estradiol enhances the induction
of homosynaptic long-term depression in the CA1 region of the adult,
ovariectomized rat. Neurobiol. Learn. Mem. 73, 180-7.
doi:10.1006/nlme.1999.3929.

Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., et al.
(1992). Isolation and structure of a brain constituent that binds to the cannabinoid
receptor. Science 258, 1946-9. doi:10.1126/SCIENCE.1470919.

Di Marzo, V., Melck, D., Bisogno, T., and De Petrocellis, L. (1998). Endocannabinoids:
endogenous cannabinoid receptor ligands with neuromodulatory action. Trends
Neurosci. 21, 521-528. doi:10.1016/S0166-2236(98)01283-1.



133

Diamond, I., and Gordon, A. S. (1997). Cellular and molecular neuroscience of
alcoholism. Physiol. Rev. 77, 1-20. doi:10.1152/physrev.1997.77.1.1.

Do, V. H., Martinez, C. O., Martinez, J. L., and Derrick, B. E. (2002). Long-Term
Potentiation in Direct Perforant Path Projections to the Hippocampal CA3 Region In
Vivo. J. Neurophysiol. 87, 669—678. doi:10.1152/jn.00938.2000.

Doherty, J., and Dingledine, R. (2003). Functional interactions between cannabinoid and
metabotropic glutamate receptors in the central nervous system. Curr. Opin.
Pharmacol. 3, 46-53. doi:10.1016/S1471-4892(02)00014-0.

Domelldf, E., Fagard, J., Jacquet, A.-Y., and Ronnqvist, L. (2011). Goal-directed arm
movements in children with fetal alcohol syndrome: a kinematic approach. Eur. J.
Neurol. 18,312-320. doi:10.1111/1.1468-1331.2010.03142 x.

Dong, Z., Bai, Y., Wu, X., Li, H., Gong, B., Howland, J. G., et al. (2013). Hippocampal
long-term depression mediates spatial reversal learning in the Morris water maze.
Neuropharmacology 64, 65-73. doi:10.1016/j.neuropharm.2012.06.027.

Dong, Z., Gong, B., Li, H., Bai, Y., Wu, X., Huang, Y., et al. (2012). Mechanisms of
hippocampal long-term depression are required for memory enhancement by novelty
exploration. J. Neurosci. 32, 11980-90dong. doi:10.1523/JNEUROSCI.0984-
12.2012.

Douglas, R. M., and Goddard, G. V. (1975). Long-term potentiation of the perforant
path-granule cell synapse in the rat hippocampus. Brain Res. 86, 205-215.
do0i:10.1016/0006-8993(75)90697-6.

Dudek, S. M., and Bear, M. F. (1992). Homosynaptic long-term depression in area CA1
of hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc. Natl.
Acad. Sci. 89, 4363-4367. doi:10.1073/pnas.89.10.4363.

Dudek, S. M., and Bear, M. F. (1993). Bidirectional long-term modification of synaptic
effectiveness in the adult and immature hippocampus. J. Neurosci. 13, 2910-2918.
Available at: http://www.jneurosci.org/content/13/7/2910.short [Accessed March 4,
2016].

Dunwiddie, T., and Lynch, G. (1978). Long-term potentiation and depression of synaptic
responses in the rat hippocampus: localization and frequency dependency. J.
Physiol. 276, 353—67. Available at: http://www.ncbi.nlm.nih.gov/pubmed/650459
[Accessed October 26, 2016].

Dyall, S. C., and Michael-Titus, A. T. (2008). Neurological Benefits of Omega-3 Fatty
Acids. NeuroMolecular Med. 10, 219-235. doi:10.1007/s12017-008-8036-z.

Dyall, S. C., Michael, G. J., Whelpton, R., Scott, A. G., and Michael-Titus, A. T. (2007).
Dietary enrichment with omega-3 polyunsaturated fatty acids reverses age-related
decreases in the GluR2 and NR2B glutamate receptor subunits in rat forebrain.
Neurobiol. Aging 28, 424-439. doi:10.1016/j.neurobiolaging.2006.01.002.

Esteban, J. A., Shi, S.-H., Wilson, C., Nuriya, M., Huganir, R. L., and Malinow, R.
(2003). PKA phosphorylation of AMPA receptor subunits controls synaptic
trafficking underlying plasticity. Nat. Neurosci. 6, 136—143. doi:10.1038/nn997.

Faas, A. E., Spontdn, E. D., Moya, P. R., and Molina, J. C. (2000). Differential
responsiveness to alcohol odor in human neonates: Efects of maternal consumption
during gestation. Alcohol 22, 7-17. doi:10.1016/S0741-8329(00)00103-8.

Faas, G. C., Adwanikar, H., Gereau, R. W., and Saggau, P. (2002). Modulation of
Presynaptic Calcium Transients by Metabotropic Glutamate Receptor Activation: A



134

Differential Role in Acute Depression of Synaptic Transmission and Long-Term
Depression. J. Neurosci. 22, 6885-6890. doi:10.1523/JNEUROSCI.22-16-
06885.2002.

Falconer, J. (1990). THE EFFECT OF MATERNAL ETHANOL INFUSION ON
PLACENTAL BLOOD FLOW AND FETAL GLUCOSE METABOLISM IN
SHEEP. Alcohol Alcohol. 25, 413—416. doi:10.1093/oxfordjournals.alcalc.a045024.

Fang, T.-T., Bruyere, H. J., Kargas, S. A., Nishikawa, T., Takagi, Y., and Gilbert, E. F.
(1987). Ethyl alcohol-induced cardiovascular malformations in the chick embryo.
Teratology 35, 95-103. doi:10.1002/tera.1420350113.

Fitzjohn, S. M., Palmer, M. J., May, J. E. R., Neeson, A., Morris, S. A. C., and
Collingridge, G. L. (2001). A characterisation of long-term depression induced by
metabotropic glutamate receptor activation in the rat hippocampus in vitro. J.
Physiol. 537, 421-430. doi:10.1111/1.1469-7793.2001.00421 x.

Fontaine, C. J. C. J., Patten, A. R. A. R., Sickmann, H. M. H. M., Helfer, J. L. J. L., and
Christie, B. R. B. R. (2016). Effects of pre-natal alcohol exposure on hippocampal
synaptic plasticity: Sex, age and methodological considerations. Neurosci. Biobehav.
Rev. 64, 12-34. doi:10.1016/j.neubiorev.2016.02.014.

Foster, T. C., and Kumar, A. (2007). Susceptibility to induction of long-term depression
is associated with impaired memory in aged Fischer 344 rats. Neurobiol. Learn.
Mem. 87, 522-35. doi:10.1016/j.nlm.2006.12.009.

Fox, C.J., Russell, K., Titterness, A. K., Wang, Y. T., and Christie, B. R. (2007).
Tyrosine phosphorylation of the GluR2 subunit is required for long-term depression
of synaptic efficacy in young animals in vivo. Hippocampus 17, 600—605.
doi:10.1002/hipo.20302.

Foy, M. R. (2001). 17beta-estradiol: effect on CA1 hippocampal synaptic plasticity.
Neurobiol. Learn. Mem. 76, 239-52. doi:10.1006/nlme.2001.4018.

Foy, M. R. (2011). Ovarian hormones, aging and stress on hippocampal synaptic
plasticity. Neurobiol. Learn. Mem. 95, 134—44. d0i:10.1016/j.nlm.2010.11.003.

Foy, M. R., Akopian, G., and Thompson, R. F. (2008). Progesterone regulation of
synaptic transmission and plasticity in rodent hippocampus. Learn. Mem. 15, 820-2.
doi:10.1101/Im.1124708.

Franke, H., Kittner, H., Berger, P., Wirkner, K., and Schramek, J. (1997). The reaction of
astrocytes and neurons in the hippocampus of adult rats during chronic ethanol
treatment and correlations to behavioral impairments. Alcohol 14, 445-454.
doi:10.1016/S0741-8329(96)00209-1.

Freund, G. (1973). Chronic central nervous system toxicity of alcohol. Annu. Rev.
Pharmacol. 13,217-27. doi:10.1146/annurev.pa.13.040173.001245.

Freund, T. F., Katona, 1., and Piomelli, D. (2003). Role of endogenous cannabinoids in
synaptic signaling. Physiol. Rev. 83, 1017-66. doi:10.1152/physrev.00004.2003.

Frick, K. M., Kim, J., Tuscher, J. J., and Fortress, A. M. (2015). Sex steroid hormones
matter for learning and memory: estrogenic regulation of hippocampal function in
male and female rodents. Learn Mem 22, 472-493. doi:10.1101/Im.037267.114.

Frotscher, M., and Seress, L. (2007). “Morphological development of the hippocampus,”
in The Hippocampus Book, eds. P. Andersen, R. G. M. Morris, D. G. Amaral, T.
Bliss, and J. O’Keefe (New York, New York: Oxford University Press), 115-128.

Fujii, S., Tanaka, H., and Hirano, T. (2018). Suppression of AMPA receptor exocytosis



135

contributes to hippocampal LTD. J. Neurosci. 38, 3210-17.
doi:10.1523/JINEUROSCI.3210-17.2018.

Fujii, S., Yamazaki, Y., Sugihara, T., and Wakabayashi, 1. (2008). Acute and chronic
ethanol exposure differentially affect induction of hippocampal LTP. Brain Res.
1211, 13-21. doi:10.1016/.brainres.2008.02.052.

Galea, L. A. M. (2008). Gonadal hormone modulation of neurogenesis in the dentate
gyrus of adult male and female rodents. Brain Res. Rev. 57, 332-341.
doi:10.1016/J.BRAINRESREV.2007.05.008.

Galindo, R., Frausto, S., Wolff, C., Caldwell, K. K., Perrone-Bizzozero, N. 1., and
Savage, D. D. (2004). Prenatal ethanol exposure reduces mGIluRS5 receptor number
and function in the dentate gyrus of adult offspring. Alcohol. Clin. Exp. Res. 28,
1587-1597. doi:10.1097/01.ALC.0000141815.21602.82.

Gallo, P. V., and Weinberg, J. (1986). Organ growth and cellular development in ethanol-
exposed rats. Alcohol 3,261-267. doi:10.1016/0741-8329(86)90035-2.

Gallo, P. V, and Weinberg, J. (1981). Corticosterone rhythmicity in the rat: interactive
effects of dietary restriction and schedule of feeding. J. Nutr. 111, 208-218.
doi:10.1093/jn/111.2.208.

Ganguly, K., Schinder, A. F., Wong, S. T., and Poo, M. (2001). GABA Itself Promotes
the Developmental Switch of Neuronal GABAergic Responses from Excitation to
Inhibition. Cell 105, 521-532. doi:10.1016/S0092-8674(01)00341-5.

Gaytan, F., Bellido, C., Aguilar, R., and Aguilar, E. (2009). Balano-Preputial Separation
as an External Sign of Puberty in the Rat: Correlation with Histologic Testicular
Data/Balano-praeputial-Trennung als ein dufleres Zeichen der Pubertit fiir die Ratte:
Korrelation mit histologischen Daten. Andrologia 20, 450—453. doi:10.1111/j.1439-
0272.1988.tb00724.x.

Gaytan, F., Morales, C., Leon, S., Heras, V., Barroso, A., Avendano, M. S., et al. (2017).
Development and validation of a method for precise dating of female puberty in
laboratory rodents: The puberty ovarian maturation score (Pub-Score). Sci. Rep. 7,
46381. doi:10.1038/srep46381.

Ge, Y., Dong, Z., Bagot, R. C., Howland, J. G., Phillips, A. G., Wong, T. P., et al. (2010).
Hippocampal long-term depression is required for the consolidation of spatial
memory. Proc. Natl. Acad. Sci. U. S. A. 107, 16697-702.
doi:10.1073/pnas.1008200107.

Gianoulakis, C. (1990). Rats exposed prenatally to alcohol exhibit impairment in spatial
navigation test. Behav. Brain Res. 36, 217-28. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/2310487 [Accessed October 3, 2016].

Giedd, J. N., Castellanos, F. X., Rajapakse, J. C., Vaituzis, A. C., and Rapoport, J. L.
(1997). Sexual dimorphism of the developing human brain. Prog. Neuro-
Psychopharmacology Biol. Psychiatry 21, 1185-1201. doi:10.1016/S0278-
5846(97)00158-9.

Giedd, J. N., Raznahan, A., Mills, K. L., and Lenroot, R. K. (2012). Review: magnetic
resonance imaging of male/female differences in human adolescent brain anatomy.
Biol. Sex Differ. 3, 19. doi:10.1186/2042-6410-3-19.

Giedd, J. N., Vaituzis, A. C., Hamburger, S. D., Lange, N., Rajapakse, J. C., Kaysen, D.,
et al. (1996). Quantitative MRI of the temporal lobe, amygdala, and hippocampus in
normal human development: ages 4-18 years. J. Comp. Neurol. 366, 223-30.



136

doi:10.1002/(SICI)1096-9861(19960304)366:2&1t;223:: AID-CNE3&gt;3.0.CO;2-7.

Gil-Mohapel, J., Boehme, F., Kainer, L., and Christie, B. R. (2010a). Hippocampal cell
loss and neurogenesis after fetal alcohol exposure: insights from different rodent
models. Brain Res Rev 64, 283-303. doi:S0165-0173(10)00054-8
[pii]10.1016/j.brainresrev.2010.04.011.

Gil-Mohapel, J., Boehme, F., Kainer, L., and Christie, B. R. (2010b). Hippocampal cell
loss and neurogenesis after fetal alcohol exposure: Insights from different rodent
models. Brain Res. Rev. 64, 283—-303. doi:10.1016/j.brainresrev.2010.04.011.

Gil-Mohapel, J., Boehme, F., Patten, A., Cox, A., Kainer, L., Giles, E., et al. (2011).
Altered adult hippocampal neuronal maturation in a rat model of fetal alcohol
syndrome. 1384, 29-41.

Gladding, C. M., Fitzjohn, S. M., and Molnér, E. (2009). Metabotropic Glutamate
Receptor-Mediated Long-Term Depression: Molecular Mechanisms. Pharmacol.
Rev. 61.

Godin, E. A., Leary-moore, S. K. O., Ph, D., Khan, A. A., Scott, E., Ament, J. J., et al.
(2010). Magnetic resonance microscopy defines ethanol-induced brain abnormalities
in prenatal mice: effects of acute insult on gestational day 7. Alcohol. Clin. Exp. Res.
34,98-111. doi:10.1111/5.1530-0277.2009.01071 ..

Gomez-Pinilla, F. (2008). Brain foods: the effects of nutrients on brain function. Nat.
Rev. Neurosci. 9, 568-578. doi:10.1038/nrn2421.

Gomez, R. A., Fulginiti, S., and Ramirez, O. A. (1992). Effect of acute ethanol exposure
during pregnancy on dentate gyrus synaptic plasticity in 45-day-old rats. Pharmacol.
Biochem. Behav. 42, 85-89. doi:10.1016/0091-3057(92)90450-T.

Goodlett, C. R., and Horn, K. H. (2001). Mechanisms of alcohol-induced damage to the
developing nervous system. Alcohol Res. Health 25, 175-84. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11810955 [Accessed May 30, 2018].

Goodlett, C. R., Kelly, S. J., and West, J. R. (1987). Early postnatal alcohol exposure that
produces high blood alcohol levels impairs development of spatial navigation
learning. Psychobiology 15, 64—74. doi:10.3758/BF(03327265.

Goodlett, C. R., and Peterson, S. D. (1995). Sex differences in vulnerability to
developmental spatial learning deficits induced by limited binge alcohol exposure in
neonatal rats. Neurobiol. Learn. Mem. 64, 265-275. doi:10.1006/nlme.1995.0009.

Government of Alberta, A. H. S. Systematic Review on the Prevalence of FASD.
Available at: http://fasd.alberta.ca/systematic-review.aspx [Accessed October 5,
2018].

Grant, K. A. (1994). Emerging neurochemical concepts in the actions of ethanol at
ligand-gated ion channels. Behav. Pharmacol. 5, 383—404. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11224291 [Accessed May 30, 2018].

Gray, S. P., Denton, K. M., Cullen-McEwen, L., Bertram, J. F., and Moritz, K. M.
(2010). Prenatal exposure to alcohol reduces nephron number and raises blood
pressure in progeny. J. Am. Soc. Nephrol. 21, 1891-902.
doi:10.1681/ASN.2010040368.

Green, C. R., Munoz, D. P., Nikkel, S. M., and Reynolds, J. N. (2007). Deficits in Eye
Movement Control in Children With Fetal Alcohol Spectrum Disorders. Alcohol.
Clin. Exp. Res. 31, 500-511. doi:10.1111/5.1530-0277.2006.00335 .x.

Greenbaum, R. L., Stevens, S. A., Nash, K., Koren, G., and Rovet, J. (2009). Social



137

Cognitive and Emotion Processing Abilities of Children With Fetal Alcohol
Spectrum Disorders: A Comparison With Attention Deficit Hyperactivity Disorder.
Alcohol. Clin. Exp. Res. 33, 1656—-1670. doi:10.1111/j.1530-0277.2009.01003.x.

Gruart, A., Muioz, M. D., and Delgado-Garcia, J. M. (2006). Involvement of the CA3-
CAL synapse in the acquisition of associative learning in behaving mice. J.
Neurosci. 26, 1077-87.

Guerri, C., Bazinet, A., and Riley, E. P. (2009). Foetal Alcohol Spectrum Disorders and
alterations in brain and behaviour. Alcohol Alcohol 44, 108-14.
doi:10.1093/alcalc/agn105.

Guerri, C., Montoliu, C., and Renau-Piqueras, J. (1994). Involvement of free radical
mechanism in the toxic effects of alcohol: implications for fetal alcohol syndrome.
Adv. Exp. Med. Biol. 366, 291-305. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/7771260 [Accessed July 20, 2015].

Gutiérrez-Rodriguez, A., Bonilla-Del Rio, 1., Puente, N., Gémez-Urquijo, S. M.,
Fontaine, C. J., Egafia-Huguet, J., et al. (2018). Localization of the cannabinoid
type-1 receptor in subcellular astrocyte compartments of mutant mouse
hippocampus. Glia 66, 1417-1431. doi:10.1002/glia.23314.

Gutiérrez-Rodriguez, A., Puente, N., Elezgarai, 1., Ruehle, S., Lutz, B., Reguero, L., et al.
(2017). Anatomical characterization of the cannabinoid CB1 receptor in cell-type-
specific mutant mouse rescue models. J. Comp. Neurol. 525, 302—318.
doi:10.1002/cne.24066.

Habets, R. L. P., and Borst, J. G. G. (2005). Post-tetanic potentiation in the rat calyx of
Held synapse. J. Physiol. 564, 173—187. doi:10.1113/jphysiol.2004.079160.

Habets, R. L. P., and Borst, J. G. G. (2006). An Increase in Calcium Influx Contributes to
Post-Tetanic Potentiation at the Rat Calyx of Held Synapse. J. Neurophysiol. 96,
2868-2876. doi:10.1152/jn.00427.2006.

Hafting, T., Fyhn, M., Molden, S., Moser, M.-B., and Moser, E. L. (2005). Microstructure
of a spatial map in the entorhinal cortex. Nature 436, 801-806.
doi:10.1038/nature03721.

Hamilton, D. A., Akers, K. G., Rice, J. P., Johnson, T. E., Candelaria-Cook, F. T., Maes,
L. I, et al. (2010). Prenatal exposure to moderate levels of ethanol alters social
behavior in adult rats: Relationship to structural plasticity and immediate early gene
expression in frontal cortex. Behav. Brain Res. 207, 290-304.
doi:10.1016/J.BBR.2009.10.012.

Hamilton, D. A., Kodituwakku, P., Sutherland, R. J., and Savage, D. D. (2003). Children
with Fetal Alcohol Syndrome are impaired at place learning but not cued-navigation
in a virtual Morris water task. Behav. Brain Res. 143, 85-94. doi:10.1016/S0166-
4328(03)00028-7.

Hannigan, J. H., and Riley, E. P. (1988). Prenatal ethanol alters gait in rats. Alcohol 5,
451-454. doi:10.1016/0741-8329(88)90081-X.

Hansen, H. H., Krutz, B., Sifringer, M., Stefovska, V., Bittigau, P., Pragst, F., et al.
(2008). Cannabinoids enhance susceptibility of immature brain to ethanol
neurotoxicity. Ann. Neurol. 64, 42-52. doi:10.1002/ana.21287.

Hansen, K. D., and Jirikowic, T. (2013). A Comparison of the Sensory Profile and
Sensory Processing Measure Home Form for Children with Fetal Alcohol Spectrum
Disorders. Phys. Occup. Ther. Pediatr. 33, 440-452.



138

doi:10.3109/01942638.2013.791914.

Hard, E., Musi, B., Dahlgren, I. L., Engel, J., Larsson, K., Liljequist, S., et al. (2009).
Impaired Maternal Behaviour and Altered Central Serotonergic Activity in the Adult
Offspring of Chronically Ethanol Treated Dams. Acta Pharmacol. Toxicol.
(Copenh). 56, 347-353. doi:10.1111/1.1600-0773.1985.tb01303.x.

Hausknecht, K., Shen, Y.-L., Wang, R.-X., Haj-Dahmane, S., and Shen, R.-Y. (2017).
Prenatal Ethanol Exposure Persistently Alters Endocannabinoid Signaling and
Endocannabinoid-Mediated Excitatory Synaptic Plasticity in Ventral Tegmental
Area Dopamine Neurons. J. Neurosci. 37, 5798-5808.
doi:10.1523/INEUROSCI.3894-16.2017.

Hayashi, M. (1991). Ethanol and acetaldehyde concentrations in pregnant rats after
administration of ethanol. Arukoru Kenkyuto. Yakubutsu Ison. 26, 89-95. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/1854287 [ Accessed May 24, 2018].

Hayashi, T., and Huganir, R. L. (2004). Tyrosine phosphorylation and regulation of the
AMPA receptor by SRC family tyrosine kinases. J. Neurosci. 24, 6152—60.
doi:10.1523/INEUROSCI.0799-04.2004.

Heaton, M. B., Mitchell, J. J., and Paiva, M. (2000). Amelioration of Ethanol-Induced
Neurotoxicity in the Neonatal Rat Central Nervous System by Antioxidant Therapy.
Alcohol. Clin. Exp. Res. 24, 512-518. doi:10.1111/j.1530-0277.2000.tb02019.x.

Heaton, M. B., Paiva, M., Mayer, J., and Miller, R. (2002). Ethanol-mediated generation
of reactive oxygen species in developing rat cerebellum. Neurosci Lett 334, 83—86.
doi:S0304394002011230 [pii].

Hebb, D. (1949). The Organization of Behavior. New York: Wiley.

Hebbard, P. C., King, R. R., Malsbury, C. W., and Harley, C. W. (2003). Two
organizational effects of pubertal testosterone in male rats: Transient social memory
and a shift away from long-term potentiation following a tetanus in hippocampal
CALl. Exp. Neurol. 182,470-475. doi:10.1016/S0014-4886(03)00119-5.

Heifets, B. D., and Castillo, P. E. (2009). Endocannabinoid signaling and long-term
synaptic plasticity. Annu. Rev. Physiol. 71, 283-306.
doi:10.1146/annurev.physiol.010908.163149.

Helfer, J. L., White, E. R., and Christie, B. R. (2012). Enhanced deficits in long-term
potentiation in the adult dentate gyrus with 2nd trimester ethanol consumption. PLoS
One 7, e51344. doi:10.1371/journal.pone.0051344.

Hellemans, K. G. C., Sliwowska, J. H., Verma, P., and Weinberg, J. (2010). Prenatal
alcohol exposure: Fetal programming and later life vulnerability to stress, depression
and anxiety disorders. Neurosci. Biobehav. Rev. 34, 791-807.
doi:10.1016/j.neubiorev.2009.06.004.

Heller, M., and Burd, L. (2014). Review of ethanol dispersion, distribution, and
elimination from the fetal compartment. Birth Defects Res. A. Clin. Mol. Teratol.
100, 277-83. doi:10.1002/bdra.23232.

Hendricson, A. W. (2002). Ifenprodil and Ethanol Enhance NMDA Receptor-Dependent
Long-Term Depression. J. Pharmacol. Exp. Ther. 301, 938-944.
doi:10.1124/jpet.301.3.938.

Hendricson, A. W., Sibbald, J. R., and Morrisett, R. A. (2004). Ethanol alters the
frequency, amplitude, and decay kinetics of Sr2+-supported, asynchronous NMDAR
mEPSCs in rat hippocampal slices. J. Neurophysiol. 91, 2568-77.



139

do0i:10.1152/jn.00997.2003.

Herman, L. E., Acosta, M. C., and Chang, P.-N. (2008). Gender and attention deficits in
children diagnosed with a Fetal Alcohol Spectrum Disorder. Can. J. Clin.
Pharmacol. 15, e411-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18953085 [Accessed June 6, 2018].

Hilton, G. D., Nunez, J. L., Bambrick, L., Thompson, S. M., and McCarthy, M. M.
(2006). Glutamate-mediated excitotoxicity in neonatal hippocampal neurons is
mediated by mGluR-induced release of Ca " from intracellular stores and is
prevented by estradiol. Eur. J. Neurosci. 24, 3008-3016. doi:10.1111/;j.1460-
9568.2006.05189.x.

Hjorth-Simonsen, A., and Jeune, B. (1972). Origin and termination of the hippocampal
perforant path in the rat studied by silver impregnation. J. Comp. Neurol. 144, 215—
231. doi:10.1002/cne.901440206.

Hofer, R., and Burd, L. (2009). Review of published studies of kidney, liver, and
gastrointestinal birth defects in fetal alcohol spectrum disorders. Birth Defects Res.
Part A Clin. Mol. Teratol. 85, 179-183. doi:10.1002/bdra.20562.

Hojo, Y., Hattori, T.-A., Enami, T., Furukawa, A., Suzuki, K., Ishii, H.-T., et al. (2004).
Adult male rat hippocampus synthesizes estradiol from pregnenolone by
cytochromes P45017alpha and P450 aromatase localized in neurons. Proc. Natl.
Acad. Sci. U. S. A. 101, 865-870. doi:10.1073/pnas.2630225100.

Holson, R. R., and Pearce, B. (1992). Principles and pitfalls in the analysis of prenatal
treatment effects in multiparous species. Neurotoxicol. Teratol. 14, 221-8. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/1635542 [ Accessed December 16, 2018].

Houser, C. R. (2007). Interneurons of the dentate gyrus: an overview of cell types,
terminal fields and neurochemical identity. Prog. Brain Res. 163, 217-233.
doi:10.1016/S0079-6123(07)63013-1.

Hoyme, H. E., Hoyme, D. B., Elliott, A. J., Blankenship, J., Kalberg, W. O., Buckley, D.,
et al. (2015). A South African mixed race lip/philtrum guide for diagnosis of fetal
alcohol spectrum disorders. Am. J. Med. Genet. Part A 167, 752-755.
doi:10.1002/ajmg.a.37023.

Huang, G. Z., and Woolley, C. S. (2012). Estradiol Acutely Suppresses Inhibition in the
Hippocampus through a Sex-Specific Endocannabinoid and mGluR-Dependent
Mechanism. Neuron 74, 801-808. doi:10.1016/j.neuron.2012.03.035.

Huber, K. M., Kayser, M. S., and Bear, M. F. (2000). Role for rapid dendritic protein
synthesis in hippocampal mGluR-dependent long-term depression. Science 288,
1254-7.

Hughes, P. D., Kim, Y.-N., Randall, P. K., and Leslie, S. W. (1998). Effect of Prenatal
Ethanol Exposure on the Developmental Profile of the NMDA Receptor Subunits in
Rat Forebrain and Hippocampus. Alcohol. Clin. Exp. Res. 22, 1255-1261.
doi:10.1111/5.1530-0277.1998.tb03906.x.

Hungund, B. L., Basavarajappa, B. S., Vadasz, C., Kunos, G., de Fonseca, F., Colombo,
G., et al. (2002). Ethanol, endocannabinoids, and the cannabinoidergic signaling
system. in Alcoholism, clinical and experimental research, 565—574.
doi:10.1111/5.1530-0277.2002.tb02575 x.

Hunsaker, M. R., Rosenberg, J. S., and Kesner, R. P. (2008). The role of the dentate
gyrus, CA3a,b, and CA3c for detecting spatial and environmental novelty.



140

Hippocampus 18, 1064—-1073.

Idinpain-Heikkild, J., Jouppila, P., Akerblom, H. K., Isoaho, R., Kauppila, E., and
Koivisto, M. (1972). Elimination and metabolic effects of ethanol in mother, fetus,
and newborn infant. Am. J. Obstet. Gynecol. 112, 387-393. d0i:10.1016/0002-
9378(72)90483-8.

Ikonomidou, C. (2000). Ethanol-Induced Apoptotic Neurodegeneration and Fetal Alcohol
Syndrome. Science (80-. ). 287, 1056—1060. doi:10.1126/science.287.5455.1056.

Isaac, J. T. R., Ashby, M. C., and McBain, C. J. (2007). The Role of the GluR2 Subunit
in AMPA Receptor Function and Synaptic Plasticity. Neuron 54, 859-871.
doi:10.1016/J.NEURON.2007.06.001.

Iverson, G. L. (2005). Outcome from mild traumatic brain injury. Curr. Opin. Psychiatry
18, 301-17. do0i:10.1097/01.yc0.0000165601.29047 .ae.

Izumi, Y., Nagashima, K., Murayama, K., and Zorumski, C. F. (2005). Acute effects of
ethanol on hippocampal long-term potentiation and long-term depression are
mediated by different mechanisms. Neuroscience 136, 509—-17.
doi:10.1016/j.neuroscience.2005.08.002.

Jensh, R. P., Brent, R. L., and Barr, M. (1970). The litter effect as a variable in teratologic
studies of the albino rat. Am. J. Anat. 128, 185-191. doi:10.1002/aja.1001280205.

Johnson, T. B., and Goodlett, C. R. (2002a). Selective and enduring deficits in spatial
learning after limited neonatal binge alcohol exposure in male rats. Alcohol. Clin.
Exp. Res. 26, 83-93. doi:10.1111/.1530-0277.2002.tb02435.x.

Johnson, T. B., and Goodlett, C. R. (2002b). Selective and Enduring Deficits in Spatial
Learning After Limited Neonatal Binge Alcohol Exposure in Male Rats. Alcohol.
Clin. Exp. Res. 26, 83-93. doi:10.1111/j.1530-0277.2002.tb02435 .x.

Jollie, W. P. (1990). Development, morphology, and function of the yolk-sac placenta of
laboratory rodents. Teratology 41, 361-381. doi:10.1002/tera.1420410403.

Jones, K. L. (2011). The effects of alcohol on fetal development. Birth Defects Res. C.
Embryo Today 93, 3—11. doi:10.1002/bdrc.20200.

Jones, K. L., and Smith, D. W. (1973). Recognition of the fetal alcohol syndrome in early
infancy. Lancet 302, 999-1001.

Jones, K. L., and Smith, D. W. (1975). The fetal alcohol syndrome. Teratology 12, 1-10.
doi:10.1002/tera.1420120102.

Jones, K. L., Smith, D. W, Ulleland, C. N., and Streissguth, P. (1973). Pattern of
malformation in offspring of chronic alcoholic mothers. Lancet 1, 1267-1271.

Jones, P. J. H., Leichter, J., and Lee, M. (1981). Placental blood flow in rats fed alcohol
before and during gestation. Life Sci. 29, 1153—-1159. doi:10.1016/0024-
3205(81)90204-6.

Jung, K.-M., Mangieri, R., Stapleton, C., Kim, J., Fegley, D., Wallace, M., et al. (2005).
Stimulation of Endocannabinoid Formation in Brain Slice Cultures through
Activation of Group I Metabotropic Glutamate Receptors. Mol. Pharmacol. 68,
1196-1202. doi:10.1124/mol.105.013961.

Kable, J. A., Coles, C. D., Keen, C. L., Uriu-Adams, J. Y., Jones, K. L., Yevtushok, L., et
al. (2015). The impact of micronutrient supplementation in alcohol-exposed
pregnancies on information processing skills in Ukrainian infants. Alcohol 49, 647—
656. do0i:10.1016/J. ALCOHOL.2015.08.005.

Kahle, J. S., and Cotman, C. W. (1989). Carbachol depresses synaptic responses in the



141

medial but not the lateral perforant path. Brain Res. 482, 159-163.
doi:10.1016/0006-8993(89)90554-4.

Kamal, A., Ramakers, G. M. J., Urban, . J. A., De Graan, P. N. E., and Gispen, W. H.
(1999). Chemical LTD in the CA1 field of the hippocampus from young and mature
rats. Eur. J. Neurosci. 11,3512-3516. doi:10.1046/1.1460-9568.1999.00769 x.

Kamiya, H., and Zucker, R. S. (1994). Residual Ca2 + and short-term synaptic plasticity.
Nature 371, 603—606. doi:10.1038/371603a0.

Katona, I., and Freund, T. F. (2012). Multiple Functions of Endocannabinoid Signaling in
the Brain. Annu. Rev. Neurosci. 35, 529-558. Available at:
http://www.annualreviews.org/doi/10.1146/annurev-neuro-062111-150420
[Accessed May 29, 2018].

Katona, I., Urban, G. M., Wallace, M., Ledent, C., Jung, K.-M., Piomelli, D., et al.
(2006). Molecular composition of the endocannabinoid system at glutamatergic
synapses. J. Neurosci. 26, 5628-37. doi:10.1523/JNEUROSCI.0309-06.2006.

Katz, B., and Miledi, R. (1968). The role of calcium in neuromuscular facilitation. J.
Physiol. 195, 481-492. doi:10.1113/jphysiol.1968.sp008469.

Keen, C. L., Uriu-Adams, J. Y., Skalny, A., Grabeklis, A., Grabeklis, S., Green, K., et al.
(2010). The plausibility of maternal nutritional status being a contributing factor to
the risk for fetal alcohol spectrum disorders: The potential influence of zinc status as
an example. BioFactors 36, NA-NA. doi:10.1002/biof.89.

Keiver, K., Herbert, L., and Weinberg, J. (1996). Effect of Maternal Ethanol
Consumption on Maternal and Fetal Calcium Metabolism. Alcohol. Clin. Exp. Res.
20, 1305-1312. doi:10.1111/5.1530-0277.1996.tb01127 .x.

Kelly, S. J., Day, N., and Streissguth, A. P. (2000). Effects of prenatal alcohol exposure
on social behavior in humans and other species. Neurotoxicol. Teratol. 22, 143—-149.
doi:10.1016/S0892-0362(99)00073-2.

Kelly, S. J., Goodlett, C. R., and Hannigan, J. H. (2009a). Animal models of fetal alcohol
spectrum disorders: Impact of the social environment. Dev. Disabil. Res. Rev. 15,
200-208. doi:10.1002/ddrr.69.

Kelly, S. J., Goodlett, C. R., Hulsether, S. A., and West, J. R. (1988). Impaired spatial
navigation in adult female but not adult male rats exposed to alcohol during the
brain growth spurt. Behav Brain Res 27, 247-257.

Kelly, S. J., Leggett, D. C., and Cronise, K. (2009b). Sexually Dimorphic Effects of
Alcohol Exposure during Development on the Processing of Social Cues. Alcohol
Alcohol. 44, 555-560. doi:10.1093/alcalc/agp061.

Kemp, A., and Manahan-Vaughan, D. (2004). Hippocampal long-term depression and
long-term potentiation encode different aspects of novelty acquisition. Proc. Natl.
Acad. Sci. U. S. A. 101, 8192—7. doi:10.1073/pnas.0402650101.

Kemp, A., and Manahan-Vaughan, D. (2007). Hippocampal long-term depression: master
or minion in declarative memory processes? Trends Neurosci. 30, 111-118.
doi:10.1016/j.tins.2007.01.002.

Kemp, A., and Manahan-Vaughan, D. (2008). The hippocampal CA1 region and dentate
gyrus differentiate between environmental and spatial feature encoding through
long-term depression. Cereb. Cortex 18, 968—77. doi:10.1093/cercor/bhm136.

Kervern, M., Silvestre de Ferron, B., Alaux-Cantin, S., Fedorenko, O., Antol, J., Naassila,
M., et al. (2015). Aberrant NMDA-dependent LTD after perinatal ethanol exposure



142

in young adult rat hippocampus. Hippocampus 25, 912-923.
doi:10.1002/hipo.22414.

Kesner, R. P. (2007). A behavioral analysis of dentate gyrus function. Prog. Brain Res.
163, 567-576.

Khalaf-Nazzal, R., and Francis, F. (2013). Hippocampal development — Old and new
findings. Neuroscience 248, 225-242.
doi:10.1016/J.NEUROSCIENCE.2013.05.061.

Kiecker, C. (2016). The chick embryo as a model for the effects of prenatal exposure to
alcohol on craniofacial development. Dev. Biol. 415, 314-325.
doi:10.1016/J.YDBIO.2016.01.007.

Kim, C. K., Kalynchuk, L. E., Kornecook, T. J., Mumby, D. G., Dadgar, N. A., Pinel, J.
P.J., et al. (1997). Object-recognition and spatial learning and memory in rats
prenatally exposed to ethanol. 111, 985-995. doi:10.1037/0735-7044.111.5.985.

King, M. A., Hunter, B. E., and Walker, D. W. (1988). Alterations and recovery of
dendritic spine density in rat hippocampus following long-term ethanol ingestion.
Brain Res. 459, 381-385. doi:10.1016/0006-8993(88)90656-7.

Konkle, A. T. M., and McCarthy, M. M. (2011). Developmental Time Course of
Estradiol, Testosterone, and Dihydrotestosterone Levels in Discrete Regions of Male
and Female Rat Brain. Endocrinology 152, 223-235. doi:10.1210/en.2010-0607.

Konorski, J. (1948). Conditioned reflexes and neuron organization. New Y ork:
Cambridge University Press Available at: http://psycnet.apa.org/record/1950-03074-
000 [Accessed May 22, 2018].

Krahl, S. E., Berman, R. F., and Hannigan, J. H. (1999). Electrophysiology of
Hippocampal CA1 Neurons After Prenatal Ethanol Exposure. Alcohol 17, 125-131.
doi:10.1016/S0741-8329(98)00043-3.

Kramar, E. A., Chen, L. Y., Brandon, N. J., Rex, C. S., Liu, F., Gall, C. M., et al. (2009).
Cytoskeletal changes underlie estrogen’s acute effects on synaptic transmission and
plasticity. J. Neurosci. 29, 12982-93. doi:10.1523/JNEUROSCI.3059-09.2009.

Krsiak, M., Elis, J., Poschlova, N., and Masek, K. (1977). Increased aggressiveness and
lower brain serotonin levels in offspring of mice given alcohol during gestation. J.
Stud. Alcohol 38, 1696-704. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/562457 [ Accessed June 7, 2018].

Lafourcade, M., Elezgarai, 1., Mato, S., Bakiri, Y., Grandes, P., and Manzoni, O. J.
(2007). Molecular Components and Functions of the Endocannabinoid System in
Mouse Prefrontal Cortex. PLoS One 2, €709. doi:10.1371/journal.pone.0000709.

Larkman, A. U., and Jack, J. J. B. (1995). Synaptic plasticity: hippocampal LTP. Curr.
Opin. Neurobiol. 5, 324-334. doi:10.1016/0959-4388(95)80045-X.

Lee, H.-K., Takamiya, K., Han, J.-S., Man, H., Kim, C.-H., Rumbaugh, G., et al. (2003).
Phosphorylation of the AMPA Receptor GluR1 Subunit Is Required for Synaptic
Plasticity and Retention of Spatial Memory. Cel/ 112, 631-643. doi:10.1016/S0092-
8674(03)00122-3.

Lee, H. K., Barbarosie, M., Kameyama, K., Bear, M. F., and Huganir, R. L. (2000).
Regulation of distinct AMPA receptor phosphorylation sites during bidirectional
synaptic plasticity. Nature 405, 955-9. doi:10.1038/35016089.

Lee, H., Kameyama, K., Huganir, R. L., and Bear, M. F. (1998). NMDA Induces Long-
Term Synaptic Depression and Dephosphorylation of the GluR1 Subunit of AMPA



143

Receptors in Hippocampus. Neuron 21, 1151-1162.

Lee, Y. H., Spuhler-Phillips, K., Randall, P. K., and Leslie, S. W. (1994). Effects of
prenatal ethanol exposure on N-methyl-D-aspartate-mediated calcium entry into
dissociated neurons. J. Pharmacol. Exp. Ther. 271.

Lemoine, P., Harousseau, H., Borteyru, J. P., and Menuet, J. C. (2003). Children of
Alcoholic Parents—Observed Anomalies: Discussion of 127 Cases. Ther. Drug
Monit. 25, 132—136. Available at: https://insights.ovid.com/crossref?an=00007691-
200304000-00002 [Accessed July 12, 2018].

Lenroot, R. K., and Giedd, J. N. (2010). Sex differences in the adolescent brain. Brain
Cogn. 72,46-55. doi:10.1016/J.BANDC.2009.10.008.

Leutgeb, J. K., Leutgeb, S., Moser, M.-B., and Moser, E. L. (2007). Pattern separation in
the dentate gyrus and CA3 of the hippocampus. Science 315, 961-966.
doi:10.1126/science.1135801.

Levy, W. B., and Steward, O. (1979). Synapses as associative memory elements in the
hippocampal formation. Brain Res. 175, 233-245. doi:10.1016/0006-
8993(79)91003-5.

Li, C., Brake, W. G., Romeo, R. D., Dunlop, J. C., Gordon, M., Buzescu, R., et al.
(2004). Estrogen alters hippocampal dendritic spine shape and enhances synaptic
protein immunoreactivity and spatial memory in female mice. Proc. Natl. Acad. Sci.
U. S. 4. 101, 2185-90. doi:10.1073/pnas.0307313101.

Lieber, C. S., and DeCarli, L. M. (1982). The Feeding of Alcohol in Liquid Diets: Two
Decades of Applications and 1982 Update. Alcohol. Clin. Exp. Res. 6, 523-531.
doi:10.1111/j.1530-0277.1982.tb05017 .x.

Lipinski, R. J., Hammond, P., O’Leary-Moore, S. K., Ament, J. J., Pecevich, S. J., Jiang,
Y., et al. (2012). Ethanol-Induced Face-Brain Dysmorphology Patterns Are
Correlative and Exposure-Stage Dependent. PLoS One 7, €43067.
doi:10.1371/journal.pone.0043067.

Lisman, J. E., and Zhabotinsky, A. M. (2001). A Model of Synaptic Memory: A
CaMKII/PP1 Switch that Potentiates Transmission by Organizing an AMPA
Receptor Anchoring Assembly. Neuron 31, 191-201. doi:10.1016/S0896-
6273(01)00364-6.

Lledo, P. M., Hjelmstad, G. O., Mukherji, S., Soderling, T. R., Malenka, R. C., and
Nicoll, R. A. (1995). Calcium/calmodulin-dependent kinase II and long-term
potentiation enhance synaptic transmission by the same mechanism. Proc. Natl.
Acad. Sci. U. S. A. 92, 11175-9. doi:10.1073/PNAS.92.24.11175.

Lobo, I. A., and Harris, R. A. (2008). GABA(A) receptors and alcohol. Pharmacol.
Biochem. Behav. 90, 90—4. doi:10.1016/j.pbb.2008.03.006.

Liischer, C., and Huber, K. M. (2010). Group 1 mGluR-dependent synaptic long-term
depression: mechanisms and implications for circuitry and disease. Neuron 65, 445—
59. d0i:10.1016/j.neuron.2010.01.016.

Lynch, G. S., Dunwiddie, T., and Gribkoff, V. (1977). Heterosynaptic depression: a
postsynaptic correlate of long-term potentiation. Nature 266, 737-739.
doi:10.1038/266737a0.

Lynch, M. A. (2004). Long-Term Potentiation and Memory. Physiol. Rev. 84, 87—136.

Maccarrone, M., Rossi, S., Bari, M., De Chiara, V., Fezza, F., Musella, A., et al. (2008).
Anandamide inhibits metabolism and physiological actions of 2-



144

arachidonoylglycerol in the striatum. Nat. Neurosci. 11, 152—-159.
doi:10.1038/nn2042.

Macek, T. A., Winder, D. G., Gereau, R. W., Ladd, C. O., and Conn, P. J. (1996).
Differential involvement of group II and group III mGluRs as autoreceptors at
lateral and medial perforant path synapses. J. Neurophysiol. 76, 3798—806.
doi:10.1152/jn.1996.76.6.3798.

Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., and Kano, M. (2001). Presynaptic
inhibition caused by retrograde signal from metabotropic glutamate to cannabinoid
receptors. Neuron 31, 463—75. doi:10.1016/S0896-6273(01)00375-0.

Magleby, K. (1987). Short-term changes in synaptic efficacy. Synaptic Funct. 257, 21—
56.

Mahmoud, R., Wainwright, S. R., and Galea, L. A. M. (2016). Sex hormones and adult
hippocampal neurogenesis: Regulation, implications, and potential mechanisms.
Front. Neuroendocrinol. 41, 129-152. doi:10.1016/J.YFRNE.2016.03.002.

Maier, S. E., Miller, J. A., Blackwell, J. M., and West, J. R. (1999). Fetal alcohol
exposure and temporal vulnerability: regional differences in cell loss as a function of
the timing of binge-like alcohol exposure during brain development. Alcohol. Clin.
Exp. Res. 23, 726-34. d0i:10.1111/5.1530-0277.1999.tb04176.x.

Maldonado, R., Valverde, O., and Berrendero, F. (2006). Involvement of the
endocannabinoid system in drug addiction. 7rends Neurosci. 29, 225-232.
doi:10.1016/J.TINS.2006.01.008.

Malenka, R. C. (1994). Synaptic plasticity in the hippocampus: LTP and LTD. Cell 78,
535-538. doi:10.1016/0092-8674(94)90517-7.

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of riches.
Neuron 44, 5-21. doi:10.1016/j.neuron.2004.09.012.

Malinow, R., and Malenka, R. C. (2002). AMPA receptor trafficking and synaptic
plasticity. Annu. Rev. Neurosci. 25, 103—126.
doi:10.1146/annurev.neuro.25.112701.142758.

Malisza, K. L., Allman, A. A., Shiloff, D., Jakobson, L., Longstaffe, S., and Chudley, A.
E. (2005). Evaluation of spatial working memory function in children and adults
with fetal alcohol spectrum disorders: a functional magnetic resonance imaging
study. Pediatr Res 58, 1150—1157. doi:58/6/1150
[pii]\r10.1203/01.pdr.0000185479.92484.al.

Mameli, M., Zamudio, P. A., Carta, M., and Valenzuela, C. F. (2005). Developmentally
regulated actions of alcohol on hippocampal glutamatergic transmission. J.
Neurosci. 25, 8027-36. doi:10.1523/JNEUROSCI.2434-05.2005.

Man, H. Y., Ju, W., Ahmadian, G., and Wang, Y. T. (2000). Intracellular trafficking of
AMPA receptors in synaptic plasticity. Cell. Mol. Life Sci. 57, 1526-34. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/11092447 [Accessed June 25, 2018].

Marcussen, B. L., Goodlett, C. R., Mahoney, J. C., and West, J. R. (1994). Developing rat
Purkinje cells are more vulnerable to alcohol-induced depletion during
differentiation than during neurogenesis. Alcohol 11, 147-156. doi:10.1016/0741-
8329(94)90056-6.

Maren, S. (1995). Sexually dimorphic perforant path long-term potentiation (LTP) in
urethane-anesthetized rats. Neurosci. Lett. 196, 177-180. doi:10.1016/0304-
3940(95)11869-X.



145

Maren, S., De Oca, B., and Fanselow, M. S. (1994). Sex differences in hippocampal long-
term potentiation (LTP) and Pavlovian fear conditioning in rats: positive correlation
between LTP and contextual learning. Brain Res. 661, 25-34. doi:10.1016/0006-
8993(94)91176-2.

Marino, M. D., Cronise, K., Lugo, J. N., and Kelly, S. J. (2002). Ultrasonic vocalizations
and maternal-infant interactions in a rat model of fetal alcohol syndrome. Dev.
Psychobiol. 41, 341-351. doi:10.1002/dev.10077.

Martin, S. J., Grimwood, P. D., and Morris, R. G. M. (2000). Synaptic Plasticity and
Memory: An Evaluation of the Hypothesis. Annu. Rev. Neurosci. 23, 649-711.
doi:10.1146/annurev.neuro.23.1.649.

Mato, S., Lafourcade, M., Robbe, D., Bakiri, Y., and Manzoni, O. J. (2008). Role of the
cyclic-AMP/PKA cascade and of P/Q-type Ca++ channels in endocannabinoid-
mediated long-term depression in the nucleus accumbens. Neuropharmacology 54,
87-94. doi:10.1016/J. NEUROPHARM.2007.04.014.

Matsuda, L. A., Bonner, T. 1., and Lolait, S. J. (1993). Localization of cannabinoid
receptor mRNA in rat brain. J. Comp. Neurol. 327, 535-550.
doi:10.1002/cne.903270406.

Matsuda, S., Mikawa, S., and Hirai, H. (2002). Phosphorylation of Serine-880 in GluR2
by Protein Kinase C Prevents Its C Terminus from Binding with Glutamate
Receptor-Interacting Protein. J. Neurochem. 73, 1765—-1768. doi:10.1046/j.1471-
4159.1999.731765 .x.

Matthews, D. B., and Simson, P. E. (1998). Prenatal Exposure to Ethanol Disrupts Spatial
Memory: Effect of the Training—Testing Delay Period. Physiol. Behav. 64, 63—67.
doi:10.1016/S0031-9384(98)00019-5.

Mattson, S. N., Crocker, N., and Nguyen, T. T. (2011). Fetal Alcohol Spectrum
Disorders: Neuropsychological and Behavioral Features. Neuropsychol. Rev. 21, 81—
101. doi:10.1007/s11065-011-9167-9.Fetal.

Mattson, S. N., Goodman, A. M., Caine, C., Delis, D. C., and Riley, E. P. (1999).
Executive Functioning in Children With Heavy Prenatal Alcohol Exposure. Alcohol.
Clin. Exp. Res. 23, 1808—1815. doi:10.1111/5.1530-0277.1999.tb04077 .x.

Mattson, S. N., and Riley, E. P. (1998). A Review of the Neurobehavioral Deficits in
Children with Fetal Alcohol Syndrome or Prenatal Exposure to Alcohol. Alcohol.
Clin. Exp. Res. 22,279-294. doi:10.1111/5.1530-0277.1998.tb03651 .x.

May, P. A., Chambers, C. D., Kalberg, W. O., Zellner, J., Feldman, H., Buckley, D., et al.
(2018). Prevalence of Fetal Alcohol Spectrum Disorders in 4 US Communities.
JAMA 319, 474. doi:10.1001/jama.2017.21896.

May, P. A., and Gossage, J. P. (2011). Maternal risk factors for fetal alcohol spectrum
disorders: not as simple as it might seem. Alcohol Res. Health 34, 15-26.

May, P. A., Gossage, J. P., Smith, M., Tabachnick, B. G., Robinson, L. K., Manning, M.,
et al. (2010). Population differences in dysmorphic features among children with
fetal alcohol spectrum disorders. J. Dev. Behav. Pediatr. 31, 304—16.
doi:10.1097/DBP.0b013e3181dae243.

McAdam, T. D., Brien, J. F., Reynolds, J. N., and Dringenberg, H. C. (2008). Altered
water—maze search behavior in adult guinea pigs following chronic prenatal ethanol
exposure: Lack of mitigation by postnatal fluoxetine treatment. Behav. Brain Res.
191, 202-209. doi:10.1016/J.BBR.2008.03.029.



146

McAllister, S. D., and Glass, M. (2002). CB1 and CB2 receptor-mediated signalling: a
focus on endocannabinoids. Prostaglandins, Leukot. Essent. Fat. Acids 66, 161-171.
doi:10.1054/PLEF.2001.0344.

McBride, W. J., Li, T.-K., Deitrich, R. A., Zimatkin, S., Smith, B. R., and Rodd-
Henricks, Z. A. (2002). Involvement of Acetaldehyde in Alcohol Addiction.
Alcohol. Clin. Exp. Res. 26, 114-119. doi:10.1111/j.1530-0277.2002.tb02439 x.

McCarthy, M. M. (2008). Estradiol and the Developing Brain. Physiol. Rev. 88, 91-134.
doi:10.1152/physrev.00010.2007.

McCarthy, M. M. (2009). The Two Faces of Estradiol: Effects on the Developing Brain.
Neurosci. 15, 599—-610. doi:10.1177/1073858409340924.

McCarthy, M. M., and Arnold, A. P. (2011). Reframing sexual differentiation of the
brain. Nat. Neurosci. 14, 677-83. doi:10.1038/nn.2834.

McCormack, C., Hutchinson, D., Burns, L., Wilson, J., Elliott, E., Allsop, S., et al.
(2017). Prenatal Alcohol Consumption Between Conception and Recognition of
Pregnancy. Alcohol. Clin. Exp. Res. doi:10.1111/acer.13305.

McDonald, B. ., Chung, H. ., and Huganir, R. . (2001). Identification of protein kinase C
phosphorylation sites within the AMPA receptor GluR2 subunit.
Neuropharmacology 41, 672—679. do0i:10.1016/S0028-3908(01)00129-0.

McEwen, B. S., Lieberburg, 1., Maclusky, N., and Plapinger, L. (1977). Do estrogen
receptors play a role in the sexual differentiation of the rat brain? J. Steroid
Biochem. 8, 593-598. d0i:10.1016/0022-4731(77)90267-9.

McGee, C. L., Bjorkquist, O. A., Price, J. M., Mattson, S. N., and Riley, E. P. (2009).
Social Information Processing Skills in Children with Histories of Heavy Prenatal
Alcohol Exposure. J. Abnorm. Child Psychol. 37, 817-830. doi:10.1007/s10802-
009-9313-5.

McGee, C. L., Fryer, S. L., Bjorkquist, O. A., Mattson, S. N., and Riley, E. P. (2008).
Deficits in Social Problem Solving in Adolescents with Prenatal Exposure to
Alcohol. Am. J. Drug Alcohol Abuse 34, 423—-431.
doi:10.1080/00952990802122630.

McNaughton, B. L., Douglas, R. M., and Goddard, G. V. (1978). Synaptic enhancement
in fascia dentata: Cooperativity among coactive afferents. Brain Res. 157, 277-293.
doi:10.1016/0006-8993(78)90030-6.

McNaughton, B. L. L. (1980). Evidence for two physiologically distinct perforant
pathways to the fascia dentata. Brain Res. 199, 1-19. doi:10.1016/0006-
8993(80)90226-7.

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E., Schatz, A.
R., et al. (1995). Identification of an endogenous 2-monoglyceride, present in canine
gut, that binds to cannabinoid receptors. Biochem. Pharmacol. 50, 83-90.
doi:10.1016/0006-2952(95)00109-D.

Medina, A. E. (2011). Fetal alcohol spectrum disorders and abnormal neuronal plasticity.
Neurosci. 17,274-87. doi:10.1177/1073858410383336.

Melis, M., Perra, S., Muntoni, A. L., Pillolla, G., Lutz, B., Marsicano, G., et al. (2004).
Prefrontal Cortex Stimulation Induces 2-Arachidonoyl-Glycerol-Mediated
Suppression of Excitation in Dopamine Neurons. J. Neurosci. 24, 10707-10715.
doi:10.1523/INEUROSCI.3502-04.2004.

Mellon, S. H. (1994). Neurosteroids: biochemistry, modes of action, and clinical



147

relevance. J. Clin. Endocrinol. Metab. 78, 1003—1008.
doi:10.1210/jcem.78.5.8175951.

Mellon, S. H., and Griffin, L. D. (2002). Neurosteroids: biochemistry and clinical
significance. Trends Endocrinol. Metab. 13, 35-43. doi:10.1016/S1043-
2760(01)00503-3.

Mensah-Nyagan, A. G., Do-Rego, J. L., Beaujean, D., Luu-The, V., Pelletier, G., and
Vaudry, H. (1999). Neurosteroids: expression of steroidogenic enzymes and
regulation of steroid biosynthesis in the central nervous system. Pharmacol. Rev. 51,
63—81. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10049998 [Accessed
December 16, 2018].

Meyer, L. S., and Riley, E. P. (1986). Social play in juvenile rats prenatally exposed to
alcohol. Teratology 34, 1-7. doi:10.1002/tera.1420340102.

Middleton, F. a., Carrierfenster, K., Mooney, S. M., and Youngentob, S. L. (2009).
Gestational ethanol exposure alters the behavioral response to ethanol odor and the
expression of neurotransmission genes in the olfactory bulb of adolescent rats. Brain
Res. 1252, 105-116. doi:10.1016/j.brainres.2008.11.023.

Miki, T., Harris, S. J., Wilce, P. A., Takeuchi, Y., and Bedi, K. S. (2003). Effects of
alcohol exposure during early life on neuron numbers in the rat hippocampus. 1.
Hilus neurons and granule cells. Hippocampus 13, 388-398.
doi:10.1002/hipo.10072.

Miki, T., Harris, S. J., Wilce, P., Takeuchi, Y., and Bedi, K. S. (2000a). A stereological
analysis of the effect of early postnatal ethanol exposure on neuronal numbers in rat
dentate gyrus. Image Anal. Stereol. 19, 99. do0i:10.5566/ias.v19.p99-104.

Miki, T., Harris, S. J., Wilce, P., Takeuchi, Y., and Bedi, K. S. (2000b). Neurons in the
hilus region of the rat hippocampus are depleted in number by exposure to alcohol
during early postnatal life. Hippocampus 10, 284-295. doi:10.1002/1098-
1063(2000)10:3<284::AID-HIPO9>3.0.CO;2-K.

Miller, M. W. (1995). Generation of Neurons in the Rat Dentate Gyrus and
Hippocampus: Effects of Prenatal and Postnatal Treatment with Ethanol. Alcohol.
Clin. Exp. Res. 19, 1500-1509. doi:10.1111/5.1530-0277.1995.tb01014.x.

Mitchell, J. J., Paiva, M., and Heaton, M. B. (1999). The antioxidants vitamin E and beta-
carotene protect against ethanol-induced neurotoxicity in embryonic rat
hippocampal cultures. Alcohol 17, 163—168. doi:S0741-8329(98)00051-2 [pii].

Mitrirattanakul, S., Lopez-Valdés, H. E., Liang, J., Matsuka, Y., Mackie, K., Faull, K. F.,
et al. (2007). Bidirectional alterations of hippocampal cannabinoid 1 receptors and
their endogenous ligands in a rat model of alcohol withdrawal and dependence.
Alcohol. Clin. Exp. Res. 31, 855—867. doi:10.1111/5.1530-0277.2007.00366.x.

Mockett, B. G., Guévremont, D., Wutte, M., Hulme, S. R., Williams, J. M., and
Abraham, W. C. (2011). Calcium/Calmodulin-Dependent Protein Kinase I1
Mediates Group I Metabotropic Glutamate Receptor-Dependent Protein Synthesis
and Long-Term Depression in Rat Hippocampus. J. Neurosci. 31.

Monk, B. R., Leslie, F. M., and Thomas, J. D. (2012). The effects of perinatal choline
supplementation on hippocampal cholinergic development in rats exposed to alcohol
during the brain growth spurt. Hippocampus 22, 1750-1757.
doi:10.1002/hipo.22009.

Montoliu, C., Sancho-Tello, M., Azorin, 1., Burgal, M., Vall¢s, S., Renau-Piqueras, J., et



148

al. (1995). Ethanol Increases Cytochrome P4502E1 and Induces Oxidative Stress in
Astrocytes. J. Neurochem. 65,2561-2570. doi:10.1046/j.1471-
4159.1995.65062561 .x.

Montoliu, C., Vall¢s, S., Renau-Piqueras, J., and Guerri, C. (2002). Ethanol-Induced
Oxygen Radical Formation and Lipid Peroxidation in Rat Brain: Effect of Chronic
Alcohol Consumption. J. Neurochem. 63, 1855—1862. doi:10.1046/j.1471-
4159.1994.63051855.x.

Moos, M.-K., Dunlop, A. L., Jack, B. W., Nelson, L., Coonrod, D. V., Long, R., et al.
(2008). Healthier women, healthier reproductive outcomes: recommendations for the
routine care of all women of reproductive age. Am. J. Obstet. Gynecol. 199, S280—
S289. doi:10.1016/J.AJOG.2008.08.060.

Mori, T. A., and Beilin, L. J. (2004). Omega-3 fatty acids and inflammation. Curr.
Atheroscler. Rep. 6,461-467. doi:10.1007/s11883-004-0087-5.

Morris, R. G. (1989). Synaptic plasticity and learning: selective impairment of learning
rats and blockade of long-term potentiation in vivo by the N-methyl-D-aspartate
receptor antagonist APS. J. Neurosci. 9, 3040-57. doi:10.1523/JINEUROSCI.09-09-
03040.1989.

Morris, R. G. M., Anderson, E., Lynch, G. S., and Baudry, M. (1986). Selective
impairment of learning and blockade of long-term potentiation by an N-methyl-D-
aspartate receptor antagonist, AP5. Nature 319, 774-776. doi:10.1038/319774a0.

Morrison, G. L., Fontaine, C. J., Harley, C. W., and Yuan, Q. (2013). A role for the
anterior piriform cortex in early odor preference learning: evidence for multiple
olfactory learning structures in the rat pup. J. Neurophysiol. 110, 141-52.
doi:10.1152/jn.00072.2013.

Mukai, H., Tsurugizawa, T., Murakami, G., Kominami, S., Ishii, H., Ogiue-lkeda, M., et
al. (2007a). Rapid modulation of long-term depression and spinogenesis via synaptic
estrogen receptors in hippocampal principal neurons. J. Neurochem. 100, 950—67.
doi:10.1111/5.1471-4159.2006.04264 .x.

Mukai, H., Tsurugizawa, T., Ogiue-lkeda, M., Murakami, G., Hojo, Y., Ishii, H., et al.
(2007b). Local neurosteroid production in the hippocampus: Influence on synaptic
plasticity of memory. in Neuroendocrinology, 255-263. doi:10.1159/000097747.

Mulkey, R., Herron, C. C., and Malenka, R. (1993). An essential role for protein
phosphatases in hippocampal long-term depression. Science (80-. ). 261, 1051-1055.
doi:10.1126/science.8394601.

Mulkey, R. M., Endo, S., Shenolikar, S., and Malenka, R. C. (1994). Involvement of a
calcineurin/ inhibitor-1 phosphatase cascade in hippocampal long-term depression.
Nature 369, 486—488. doi:10.1038/369486a0.

Mulvihill, J. J., Klimas, J. T., Stokes, D. C., and Risemberg, H. M. (1976). Fetal alcohol
syndrome: Seven new cases. Am. J. Obstet. Gynecol. 125, 937-941.
doi:10.1016/0002-9378(76)90492-0.

Murakami, G., Hojo, Y., Ogiue-lkeda, M., Mukai, H., Chambon, P., Nakajima, K., et al.
(2015). Estrogen receptor KO mice study on rapid modulation of spines and long-
term depression in the hippocampus. Brain Res. 1621, 133—-146.
doi:10.1016/j.brainres.2014.12.002.

Naassila, M., and Daoust, M. (2002). Effect of prenatal and postnatal ethanol exposure on
the developmental profile of mRNAs encoding NMDA receptor subunits in rat



149

hippocampus. J. Neurochem. 80, 850-860. doi:10.1046/j.0022-3042.2002.00755.x.

Naie, K., and Manahan-Vaughan, D. (2005). Pharmacological antagonism of
metabotropic glutamate receptor 1 regulates long-term potentiation and spatial
reference memory in the dentate gyrus of freely moving rats via N-methyl-D-
aspartate and metabotropic glutamate receptor-dependent mechanisms. Eur. J.
Neurosci. 21, 411-21. doi:10.1111/j.1460-9568.2005.03864.x.

Nava-Ocampo, A. A., Veldzquez-Armenta, Y., Brien, J. F., and Koren, G. (2004).
Elimination kinetics of ethanol in pregnant women. Reprod. Toxicol. 18, 613—-617.
doi:10.1016/j.reprotox.2004.02.012.

Nixon, K., Hughes, P. D., Amsel, A., and Leslie, S. W. (2004). NMDA receptor subunit
expression after combined prenatal and postnatal exposure to ethanol. Alcohol. Clin.
Exp. Res. 28, 105-12. d0i:10.1097/01.ALC.0000106311.88523.7B.

Norris, C. M., Korol, D. L., and Foster, T. C. (1996). Increased susceptibility to induction
of long-term depression and long-term potentiation reversal during aging. J.
Neurosci. 16, 5382-92. Available at: http://www.ncbi.nlm.nih.gov/pubmed/8757251
[Accessed March 4, 2016].

Nosyreva, E. D., and Huber, K. M. (2005). Developmental switch in synaptic
mechanisms of hippocampal metabotropic glutamate receptor-dependent long-term
depression. J. Neurosci. 25,2992-3001. doi:10.1523/JNEUROSCI.3652-04.2005.

Nudez, J. L., Alt, J. J., and McCarthy, M. M. (2003). A new model for prenatal brain
damage: I. GABAA receptor activation induces cell death in developing rat
hippocampus. Exp. Neurol. 181, 258-269. doi:10.1016/S0014-4886(03)00053-0.

Nunez, J. L., and McCarthy, M. M. (2003). Sex Differences and Hormonal Effects in a
Model of Preterm Infant Brain Injury. Ann. N. Y. Acad. Sci. 1008, 281-284.
doi:10.1196/annals.1301.032.

O’Leary-Moore, S. K., Parnell, S. E., Lipinski, R. J., and Sulik, K. K. (2011). Magnetic
resonance-based imaging in animal models of fetal alcohol spectrum disorder.
Neuropsychol. Rev. 21, 167-85. d0i:10.1007/s11065-011-9164-z.

O’Leary, C. M., Bower, C., Zubrick, S. R., Geelhoed, E., Kurinczuk, J. J., and Nassar, N.
(2010a). A new method of prenatal alcohol classification accounting for dose,
pattern and timing of exposure: improving our ability to examine fetal effects from
low to moderate alcohol. J. Epidemiol. Community Health 64, 956—62.
doi:10.1136/jech.2009.091785.

O’Leary, C. M., Nassar, N., Kurinczuk, J. J., de Klerk, N., Geelhoed, E., Elliott, E. J., et
al. (2010b). Prenatal alcohol exposure and risk of birth defects. Pediatrics 126,
€843-50. doi:10.1542/peds.2010-0256.

O’Leary, C. M., Nassar, N., Zubrick, S. R., Kurinczuk, J. J., Stanley, F., and Bower, C.
(2010c). Evidence of a complex association between dose, pattern and timing of
prenatal alcohol exposure and child behaviour problems. Addiction 105, 74-86.
doi:10.1111/5.1360-0443.2009.02756.x.

O’Mara, S. M., Rowan, M. J., and Anwyl, R. (1995). Metabotropic glutamate receptor-
induced homosynaptic long-term depression and depotentiation in the dentate gyrus
of the rat hippocampus in vitro. Neuropharmacology 34, 983-989.
doi:10.1016/0028-3908(95)00062-B.

O’Shea, K. S., and Kaufman, M. H. (1979). The teratogenic effect of acetaldehyde:
implications for the study of the fetal alcohol syndrome. J. Anat. 128, 65-76.



150

Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1232961&tool=pmcentr
ez&rendertype=abstract [Accessed December 4, 2015].

Oberlander, J. G., and Woolley, C. S. (2016). 17 -Estradiol Acutely Potentiates
Glutamatergic Synaptic Transmission in the Hippocampus through Distinct
Mechanisms in Males and Females. J. Neurosci. 36, 2677-2690.
doi:10.1523/INEUROSCI.4437-15.2016.

Ohno-Shosaku, T., and Kano, M. (2014). Endocannabinoid-mediated retrograde
modulation of synaptic transmission. Curr. Opin. Neurobiol. 29, 1-8.
doi:10.1016/J.CONB.2014.03.017.

Ojeda, M. L., Nogales, F., Jotty, K., Barrero, M. J., Murillo, M. L., and Carreras, O.
(2009). Dietary selenium plus folic acid as an antioxidant therapy for ethanol-
exposed pups. Birth Defects Res. B. Dev. Reprod. Toxicol. 86,490-5.
doi:10.1002/bdrb.20211.

Oliet, S. H. ., Malenka, R. C., and Nicoll, R. A. (1997). Two Distinct Forms of Long-
Term Depression Coexist in CA1 Hippocampal Pyramidal Cells. Neuron 18, 969—
982. d0i:10.1016/S0896-6273(00)80336-0.

Olney, J. W., Tenkova, T., Dikranian, K., Muglia, L. J., Jermakowicz, W. J., D’Sa, C., et
al. (2002a). Ethanol-induced caspase-3 activation in the in vivo developing mouse
brain. Neurobiol. Dis. 9, 205-19. doi:10.1006/nbdi.2001.0475.

Olney, J. W., Tenkova, T., Dikranian, K., Qin, Y.-Q., Labruyere, J., and Ikonomidou, C.
(2002b). Ethanol-induced apoptotic neurodegeneration in the developing C57BL/6
mouse brain. Dev. Brain Res. 133, 115-126. doi:10.1016/S0165-3806(02)00279-1.

Ooishi, Y., Kawato, S., Hojo, Y., Hatanaka, Y., Higo, S., Murakami, G., et al. (2012).
Modulation of synaptic plasticity in the hippocampus by hippocampus-derived
estrogen and androgen. J. Steroid Biochem. Mol. Biol. 131, 37-51.
doi:10.1016/J.JSBMB.2011.10.004.

Ortiz, S., Oliva, J. M., Pérez-Rial, S., Palomo, T., and Manzanares, J. (2004). Chronic
ethanol consumption regulates cannabinoid CB1 receptor gene expression in
selected regions of rat brain. Alcohol Alcohol 39, 88—92.
doi:10.1093/alcalc/agh036.

Osborn, J. A., Kim, C. K., Steiger, J., and Weinberg, J. (1998). Prenatal Ethanol
Exposure Differentially Alters Behavior in Males and Females on the Elevated Plus
Maze. Alcohol. Clin. Exp. Res. 22, 685-696. doi:10.1111/5.1530-
0277.1998.tb04312.x.

Overstreet, L. S., Pasternak, J. F., Colley, P. A., Slater, N. T., and Trommer, B. L. (1997).
Metabotropic Glutamate Receptor Mediated Long-term Depression in Developing
Hippocampus. Neuropharmacology 36, 831-844.

Paolozza, A., Munn, R., Munoz, D. P., and Reynolds, J. N. (2015). Eye movements
reveal sexually dimorphic deficits in children with fetal alcohol spectrum disorder.
Front. Neurosci. 9, 76. doi:10.3389/fnins.2015.00076.

Paolozza, A., Rasmussen, C., Pei, J., Hanlon-Dearman, A., Nikkel, S. M., Andrew, G., et
al. (2014). Deficits in response inhibition correlate with oculomotor control in
children with fetal alcohol spectrum disorder and prenatal alcohol exposure. Behav.
Brain Res. 259, 97-105. doi:10.1016/J.BBR.2013.10.040.

Paolozza, A., Titman, R., Brien, D., Munoz, D. P., and Reynolds, J. N. (2013). Altered



151

Accuracy of Saccadic Eye Movements in Children with Fetal Alcohol Spectrum
Disorder. Alcohol. Clin. Exp. Res. 37, 1491-1498. doi:10.1111/acer.12119.

Parnell, S. E., O’Leary-Moore, S. K., Godin, E. A., Dehart, D. B., Johnson, B. W., Allan
Johnson, G., et al. (2009). Magnetic resonance microscopy defines ethanol-induced
brain abnormalities in prenatal mice: effects of acute insult on gestational day 8.
Alcohol Clin Exp Res 33, 1001-1011. doi:ACER921 [pii]10.1111/1.1530-
0277.2009.00921 .x.

Parsons, L. H., and Hurd, Y. L. (2015). Endocannabinoid signalling in reward and
addiction. Nat. Rev. Neurosci. 16, 579-594. doi:10.1038/nrn4004.

Pascual, M., Blanco, A. M., Cauli, O., Minarro, J., and Guerri, C. (2007). Intermittent
ethanol exposure induces inflammatory brain damage and causes long-term
behavioural alterations in adolescent rats. Eur. J. Neurosci. 25, 541-50.
doi:10.1111/5.1460-9568.2006.05298.x.

Patten, A. R., Brocardo, P. S., and Christie, B. R. Omega-3 supplementation can restore
glutathione levels and prevent oxidative damage caused by prenatal ethanol
exposure. 24, 760—769.

Patten, A. R., Brocardo, P. S., Sakiyama, C., Wortman, R. C., Noonan, A., Gil-Mohapel,
J., et al. (2013a). Impairments in hippocampal synaptic plasticity following prenatal
ethanol exposure are dependent on glutathione levels. Hippocampus 23, 1463-75.
do0i:10.1002/hipo.22199.

Patten, A. R., Fontaine, C. J., and Christie, B. R. (2014). A comparison of the different
animal models of fetal alcohol spectrum disorders and their use in studying complex
behaviors. Front. Pediatr. 2, 93. doi:10.3389/fped.2014.00093.

Patten, A. R., Sawchuk, S., Wortman, R. C., Brocardo, P. S., Gil-Mohapel, J., and
Christie, B. R. (2016a). Prenatal ethanol exposure impairs temporal ordering
behaviours in young adult rats. Behav. Brain Res. 299, 81-9.
doi:10.1016/j.bbr.2015.11.032.

Patten, A. R., Sawchuk, S., Wortman, R. C., Brocardo, P. S., Gil-Mohapel, J., and
Christie, B. R. (2016b). Prenatal ethanol exposure impairs temporal ordering
behaviours in young adult rats. Behav. Brain Res. 299, 8§1-89.
doi:10.1016/J.BBR.2015.11.032.

Patten, A. R., Sickmann, H. M., Dyer, R. A., Innis, S. M., and Christie, B. R. (2013b).
Omega-3 Fatty Acids can Reverse the Long-Term Deficits in Hippocampal Synaptic
Plasticity Caused by Prenatal Ethanol Exposure. Neurosci Lett. doi:S0304-
3940(13)00498-9 [pii]10.1016/j.neulet.2013.05.051.

Peiffer, J., Majewski, F., Fischbach, H., Bierich, J. R., and Volk, B. (1979). Alcohol
embryo- and fetopathy. Neuropathology of 3 children and 3 fetuses. J. Neurol. Sci.
41, 125-37.

Petersen, R. P., Moradpour, F., Eadie, B. D., Shin, J. D., Kannangara, T. S., Delaney, K.
R., et al. (2013). Electrophysiological identification of medial and lateral perforant
path inputs to the dentate gyrus. Neuroscience 252, 154—168.
doi:10.1016/j.neuroscience.2013.07.063.

Phoenix, C. H., Goy, R. W., Gerall, A. A., and Young, W. C. (1959). Organizing action
of prenatally administered testosterone propionate on the tissues mediating mating
behavior in the female guinea pig. Endocrinology 65, 369—382. doi:10.1210/endo-
65-3-369.



152

Pierrefiche, O., and Olivier (2017). Long Term Depression in Rat Hippocampus and the
Effect of Ethanol during Fetal Life. Brain Sci. 7, 157. doi:10.3390/brainsci7120157.

Pinar, C., Fontaine, C. J., Trivino-Paredes, J., Lottenberg, C. P., Gil-Mohapel, J., and
Christie, B. R. (2017). Revisiting the flip side: Long-term depression of synaptic
efficacy in the hippocampus. Neurosci. Biobehav. Rev. 80.
doi:10.1016/j.neubiorev.2017.06.001.

Plassart-Schiess, E., and Baulieu, E.-E. (2001). Neurosteroids: recent findings. Brain Res.
Rev. 37, 133-140. doi:10.1016/S0165-0173(01)00113-8.

Popova, S., Lange, S., Burd, L., Chudley, A. E., Clarren, S. K., and Rehm, J. (2013). Cost
of Fetal Alcohol Spectrum Disorder Diagnosis in Canada. PLoS One 8, €60434.
doi:10.1371/journal.pone.0060434.

Popova, S., Lange, S., Burd, L., and Rehm, J. (2012). Health care burden and cost
associated with fetal alcohol syndrome: Based on official canadian data. PLoS One
7, 2-8. doi:10.1371/journal.pone.0043024.

Popova, S., Lange, S., Burd, L., and Rehm, J. (2015). Cost attributable to Fetal Alcohol
Spectrum Disorder in the Canadian correctional system. Int. J. Law Psychiatry 41,
76-81. doi:10.1016/J.1JLP.2015.03.010.

Popova, S., Lange, S., Probst, C., Parunashvili, N., and Rehm, J. (2017). Prevalence of
alcohol consumption during pregnancy and Fetal Alcohol Spectrum Disorders
among the general and Aboriginal populations in Canada and the United States. Eur.
J. Med. Genet. 60, 32—48. doi:10.1016/J.EIMG.2016.09.010.

Poschel, B., and Manahan-Vaughan, D. (2007). Persistent (&gt;24h) long-term
depression in the dentate gyrus of freely moving rats is not dependent on activation
of NMDA receptors, L-type voltage-gated calcium channels or protein synthesis.
Neuropharmacology 52, 46—54. doi:10.1016/j.neuropharm.2006.07.019.

Poschel, B., and Stanton, P. K. (2007). Comparison of cellular mechanisms of long-term
depression of synaptic strength at perforant path-granule cell and Schaffer collateral-
CAL synapses. Prog. Brain Res. 163, 473-500. doi:10.1016/S0079-6123(07)63026-
X.

Pragst, F., and Yegles, M. (2008). Determination of Fatty Acid Ethyl Esters (FAEE) and
Ethyl Glucuronide (EtG) in Hair: A Promising Way for Retrospective Detection of
Alcohol Abuse During Pregnancy? Ther. Drug Monit. 30, 255-263.
doi:10.1097/FTD.0b013e318167d602.

Pyapali, G. K., Turner, D. A., Wilson, W. A., and Swartzwelder, H. S. (1999). Age and
Dose-Dependent Effects of Ethanol on the Induction of Hippocampal Long-Term
Potentiation. Alcohol 19, 107—111. doi:10.1016/S0741-8329(99)00021-X.

Quertemont, E. (2004). Genetic polymorphism in ethanol metabolism: acetaldehyde
contribution to alcohol abuse and alcoholism. Mol. Psychiatry 9, 570-581.
doi:10.1038/sj.mp.4001497.

Randall, C. L., Ekblad, U., White, N. M., and Cook, J. L. (1996). Increase in Vasoactive
Prostaglandin E Production after Ethanol Perfusion in Human Placental Cotyledons.
Alcohol. Clin. Exp. Res. 20, 1321-1328. doi:10.1111/j.1530-0277.1996.tb01129 x.

Randall, C. L., and Saulnier, J. L. (1995). Effect of Ethanol on Prostacyclin,
Thromboxane, and Prostaglandin E Production in Human Umbilical Veins. Alcohol.
Clin. Exp. Res. 19, 741-746. doi:10.1111/5.1530-0277.1995.tb01576.x.

Rasmussen, C., Andrew, G., Zwaigenbaum, L., and Tough, S. (2008). Neurobehavioural



153

outcomes of children with fetal alcohol spectrum disorders: A Canadian perspective.
Paediatr. Child Health 13, 185-91. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19252695 [Accessed May 9, 2018].

Rasmussen, C., Horne, K., and Witol, A. (2006). Neurobehavioral Functioning in
Children with Fetal Alcohol Spectrum Disorder. Child Neuropsychol. 12, 453—468.
doi:10.1080/09297040600646854.

Raymond, C. R., Ireland, D. R., and Abraham, W. C. (2003). NMDA receptor regulation
by amyloid-§ does not account for its inhibition of LTP in rat hippocampus. Brain
Res. 968, 263-272. doi:10.1016/S0006-8993(03)02269-8.

Raymond, C. R., and Redman, S. J. (2002). Different Calcium Sources Are Narrowly
Tuned to the Induction of Different Forms of LTP. J Neurophysiol 88, 249-255.
Available at: http://jn.physiology.org/content/88/1/249.short [ Accessed July 30,
2015].

Raymond, C. R., Thompson, V. L., Tate, W. P., and Abraham, W. C. (2000).
Metabotropic Glutamate Receptors Trigger Homosynaptic Protein Synthesis to
Prolong Long-Term Potentiation. J. Neurosci. 20, 969-976. Available at:
http://www.jneurosci.org/content/20/3/969.short [Accessed July 30, 2015].

Regehr, W. G. (2012). Short-term presynaptic plasticity. Cold Spring Harb. Perspect.
Biol. 4,2005702. doi:10.1101/cshperspect.a005702.

Reyes, E., Wolfe, J., and Savage, D. D. (1989). The effects of prenatal alcohol exposure
on radial arm maze performance in adult rats. Physiol. Behav. 46, 45-48.
doi:10.1016/0031-9384(89)90319-3.

Reyes, M., and Stanton, P. K. (1996). Induction of hippocampal long-term depression
requires release of Ca2+ from separate presynaptic and postsynaptic intracellular
stores. J. Neurosci. 16, 5951-60. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/8815877 [Accessed July 3, 2018].

Ribak, C. E., and Shapiro, L. A. (2007). Ultrastructure and synaptic connectivity of cell
types in the adult rat dentate gyrus. Prog. Brain Res. 163, 155-165.

Rice, D., and Barone, S. (2000). Critical periods of vulnerability for the developing
nervous system: Evidence from humans and animal models. Environ. Health
Perspect. 108, 511-533. doi:10.1289/ehp.00108s3511.

Richardson, D. P., Byrnes, M. L., Brien, J. F., Reynolds, J. N., and Dringenberg, H. C.
(2002). Impaired acquisition in the water maze and hippocampal long-term
potentiation after chronic prenatal ethanol exposure in the guinea-pig. Eur. J.
Neurosci. 16, 1593—1598. doi:10.1046/j.1460-9568.2002.02214 .x.

Richter-Levin, G., Canevari, L., and Bliss, T. V. P. (1995). Long-term potentiation and
glutamate release in the dentate gyrus: links to spatial learning. Behav. Brain Res.
66, 37-40. doi:10.1016/0166-4328(94)00121-U.

Richter-Levin, G., Errington, M. L., Maegawa, H., and Bliss, T. V. P. (1994). Activation
of metabotropic glutamate receptors is necessary for long-term potentiation in the
dentate gyrus and for spatial learning. Neuropharmacology 33, 853—857.
doi:10.1016/0028-3908(94)90181-3.

Riley, E. P., Infante, M. A., Warren, K. R., Court, A., Diego, S., and Warren, K. R.
(2011). Fetal Alcohol Spectrum Disorders: An Overview. Neuropsychol. Rev. 21,
73-80. do0i:10.1007/s11065-011-9166-x.Fetal.

Riley, E. P., and McGee, C. L. (2005). Fetal Alcohol Spectrum Disorders: An Overview



154

with Emphasis on Changes in Brain and Behavior. Exp. Biol. Med. 230, 357-365.
doi:10.1177/15353702-0323006-03.

Riley, J., and Walker, D. (1978). Morphological alterations in hippocampus after long-
term alcohol consumption in mice. Science (80-. ). 201, 646—648.
doi:10.1126/science.566953.

Rivera, C., Voipio, J., Payne, J. A., Ruusuvuori, E., Lahtinen, H., Lamsa, K., et al.
(1999). The K+/CI— co-transporter KCC2 renders GABA hyperpolarizing during
neuronal maturation. Nature 397, 251-255. doi:10.1038/16697.

Roche, K. W., O’Brien, R. J., Mammen, A. L., Bernhardt, J., and Huganir, R. L. (1996).
Characterization of Multiple Phosphorylation Sites on the AMPA Receptor GluR1
Subunit. Neuron 16, 1179-1188. doi:10.1016/S0896-6273(00)80144-0.

Rodier, P. M. (1995). Developing brain as a target of toxicity. Environ. Health Perspect.
103 Suppl 6, 73—6. Available at: http://www.ncbi.nlm.nih.gov/pubmed/8549496
[Accessed May 25, 2018].

Roebuck, T. M., Simmons, R. W., Mattson, S. N., and Riley, E. P. (1998). Prenatal
Exposure to Alcohol Affects the Ability to Maintain Postural Balance. Alcohol. Clin.
Exp. Res. 22,252-258. doi:10.1111/5.1530-0277.1998.tb03646.x.

Rouach, N., and Nicoll, R. A. (2003). Endocannabinoids contribute to short-term but not
long-term mGluR-induced depression in the hippocampus. Eur. J. Neurosci. 18,
1017-1020. doi:10.1046/j.1460-9568.2003.02823 .x.

Royalty, J. (1990). Effects of Prenatal Ethanol Exposure on Juvenile Play-Fighting and
Postpubertal Aggression in Rats. Psychol. Rep. 66, 551-560.
doi:10.2466/pr0.1990.66.2.551.

Ryan, S. H., Williams, J. K., and Thomas, J. D. (2008). Choline supplementation
attenuates learning deficits associated with neonatal alcohol exposure in the rat:
Effects of varying the timing of choline administration. Brain Res. 1237, 91-100.
doi:10.1016/J.BRAINRES.2008.08.048.

Sadrian, B., Wilson, D. a, and Saito, M. (2013). Long-Lasting Neural Circuit Dysfunction
Following Developmental Ethanol Exposure. Brain Sci. 3, 704-727.
doi:10.3390/brainsci3020704.

Safo, P. K., and Regehr, W. G. (2005). Endocannabinoids control the induction of
cerebellar LTD. Neuron 48, 647-59. doi:10.1016/j.neuron.2005.09.020.

Samudio-Ruiz, S. L., Allan, A. M., Sheema, S., and Caldwell, K. K. (2010).
Hippocampal N-methyl-D-aspartate receptor subunit expression profiles in a mouse
model of prenatal alcohol exposure. Alcohol. Clin. Exp. Res. 34, 342-53.
doi:10.1111/5.1530-0277.2009.01096.x.

Sanderson, T. M., Hogg, E. L., Collingridge, G. L., and Corréa, S. A. L. (2016).
Hippocampal metabotropic glutamate receptor long-term depression in health and
disease: focus on mitogen-activated protein kinase pathways. J. Neurochem., 200—
214. doi:10.1111/jnc.13592.

Sanna, E., Serra, M., Cossu, A., Colombo, G., Follesa, P., Cuccheddu, T., et al. (1993).
Chronic Ethanol Intoxication Induces Differential Effects on GABAA and NMDA
Receptor Function in the Rat Brain. Alcohol. Clin. Exp. Res. 17, 115-123.
doi:10.1111/5.1530-0277.1993.tb00735 x.

Sarmabh, S., and Marrs, J. (2017). Embryonic Ethanol Exposure Affects Early- and Late-
Added Cardiac Precursors and Produces Long-Lasting Heart Chamber Defects in



155

Zebrafish. Toxics 5, 35. doi:10.3390/toxics5040035.

Savage, D. D., Becher, M., de la Torre, A. J., and Sutherland, R. J. (2002). Dose-
dependent effects of prenatal ethanol exposure on synaptic plasticity and learning in
mature offspring. Alcohol. Clin. Exp. Res. 26, 1752-8.
doi:10.1097/01.ALC.0000038265.52107.20.

Savage, D. D., Montano, C. Y., Otero, M. A., and Paxton, L. L. (1991). Prenatal ethanol
exposure decreases hippocampal NMDA -sensitive [3H]-Glutamate binding site
density in 45-day-old rats. Alcohol 8, 193-201. doi:10.1016/0741-8329(91)90806-8.

Savage, D. D., Queen, S. A., Sanchez, C. F., Paxton, L. L., Mahoney, J. C., Goodlett, C.
R., et al. (1992). Prenatal ethanol exposure during the last third of gestation in rat
reduces hippocampal NMDA agonist binding site density in 45-day-old offspring.
Alcohol 9, 37-41. doi:10.1016/0741-8329(92)90007-W.

Savoy-Moore, R. T., Dombrowski, M. P., Cheng, A., Abel, E. A., and Sokol, R. J.
(1989). Low Dose Alcohol Contracts the Human Umbilical Artery in Vitro. Alcohol.
Clin. Exp. Res. 13,40-42. doi:10.1111/5.1530-0277.1989.tb00281.x.

Schaal, B., Marlier, L., and Soussignan, R. (2000). Human Foetuses Learn Odours from
their Pregnant Mother’s Diet. Chem. Senses 25, 729-737.
doi:10.1093/chemse/25.6.729.

Schlessinger, A. R., Cowan, W. M., and Gottlieb, D. I. (1975). An autoradiographic study
of the time of origin and the pattern of granule cell migration in the dentate gyrus of
the rat. J. Comp. Neurol. 159, 149-175. doi:10.1002/cne.901590202.

Schneggenburger, R., Sakaba, T., and Neher, E. (2002). Vesicle pools and short-term
synaptic depression: lessons from a large synapse. Trends Neurosci. 25, 206-212.
doi:10.1016/S0166-2236(02)02139-2.

Schneider, M. (2008). Puberty as a highly vulnerable developmental period for the
consequences of cannabis exposure. Addict. Biol. 13, 253-263. doi:10.1111/j.1369-
1600.2008.00110.x.

Schwarz, J. M. (2016). Chapter 10 - Sex and the Developing Brain. Sex Differ. Cent.
Nerv. Syst., 221-245. doi:10.1016/B978-0-12-802114-9.00007-X.

Seely, S. (2000). Some new thoughts on evolution: the role of the germ layers. Med.
Hypotheses 54, 1019-1022. doi:10.1054/mehy.1999.1060.

Shakhawat, A. M., Harley, C. W., and Yuan, Q. (2014). Arc visualization of odor objects
reveals experience-dependent ensemble sharpening, separation, and merging in
anterior piriform cortex in adult rat. J. Neurosci. 34, 10206—10.
doi:10.1523/INEUROSCI.1942-14.2014.

Shankar, K., Ronis, M. J. J., and Badger, T. M. (2007). Effects of pregnancy and
nutritional status on alcohol metabolism. Alcohol Res. Health 30, 55-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17718402 [ Accessed December 8, 2016].

Sharrow, K. M., Kumar, A., and Foster, T. C. (2002). Calcineurin as a potential
contributor in estradiol regulation of hippocampal synaptic function. Neuroscience
113, 89-97. doi:10.1016/S0306-4522(02)00151-3.

Shi, J., Townsend, M., and Constantine-Paton, M. (2000). Activity-Dependent Induction
of Tonic Calcineurin Activity Mediates a Rapid Developmental Downregulation of
NMDA Receptor Currents. Neuron 28, 103—114. doi:10.1016/S0896-
6273(00)00089-1.

Shimeld, S. M., and Donoghue, P. C. J. (2012). Evolutionary crossroads in



156

developmental biology: cyclostomes (lamprey and hagfish). Development 139,
2091-9. doi:10.1242/dev.074716.

Shiroma, S., Yamaguchi, T., and Kometani, K. (2005). Effects of 17beta-estradiol on
chemically induced long-term depression. Neuropharmacology 49, 97-102.
doi:10.1016/j.neuropharm.2005.02.002.

Sickmann, H. M., Patten, A. R., Morch, K., Sawchuk, S., Zhang, C., Parton, R., et al.
(2013). Prenatal ethanol exposure has sex-specific effects on hippocampal long-term
potentiation. Hippocampus. doi:10.1002/hipo.22203.

Siler-Khodr, T. M., Yang, Y., Grayson, M. H., Henderson, G. L., Lee, M., and Schenker,
S. (2000). Effect of ethanol on thromboxane and prostacyclin production in the
human placenta. Alcohol 21, 169-180. doi:10.1016/S0741-8329(00)00084-7.

Siler-Marsiglio, K. 1., Pan, Q., Paiva, M., Madorsky, 1., Khurana, N. C., and Heaton, M.
B. (2005). Mitochondrially targeted vitamin E and vitamin E mitigate ethanol-
mediated effects on cerebellar granule cell antioxidant defense systems. Brain Res
1052, 202-211. doi:S0006-8993(05)00924-8 [pii]10.1016/j.brainres.2005.06.030.

Simpson, M. E., Duggal, S., and Keiver, K. (2005). Prenatal ethanol exposure has
differential effects on fetal growth and skeletal ossification. Bone 36, 521-32.
doi:10.1016/j.bone.2004.11.011.

Singh, S., Sedgh, G., and Hussain, R. (2010). Unintended Pregnancy: Worldwide Levels,
Trends, and Outcomes. Stud. Fam. Plann. 41, 241-250. doi:10.1111/5.1728-
4465.2010.00250.x.

Skrede, K. K., and Westgaard, R. H. (1971). The transverse hippocampal slice: a well-
defined cortical structure maintainedin vitro. Brain Res. 35, 589-593.
doi:10.1016/0006-8993(71)90508-7.

Snow, M. E., and Keiver, K. (2007). Prenatal ethanol exposure disrupts the histological
stages of fetal bone development. Bone 41, 181-7. doi:10.1016/j.bone.2007.04.182.

Sokol, R. J., Delaney-Black, V., and Nordstrom, B. (2003). Fetal alcohol spectrum
disorder. JAMA 290, 2996-2999. doi:10.1001/jama.290.22.2996.

Spadoni, A. D., Bazinet, A. D., Fryer, S. L., Tapert, S. F., Mattson, S. N., and Riley, E. P.
(2009). BOLD response during spatial working memory in youth with heavy
prenatal alcohol exposure. Alcohol. Clin. Exp. Res. 33, 2067-2076.
doi:10.1111/5.1530-0277.2009.01046.x.

Spear, L. (2000). Modeling adolescent development and alcohol use in animals. Alcohol
Res. Health 24, 115-23. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11199278 [Accessed December 14, 2018].

Spear, N. E., and Molina, J. C. (2005). Fetal or Infantile Exposure to Ethanol Promotes
Ethanol Ingestion in Adolescence and Adulthood: A Theoretical Review. Alcohol.
Clin. Exp. Res. 29, 909-929. doi:10.1097/01.ALC.0000171046.78556.66.

Spuhler-Phillips, K., Lee, Y.-H., Hughes, P., Randoll, L., and Leslie, S. W. (1997).
Effects of Prenatal Ethanol Exposure on Brain Region NMDA-Mediated Increase in
Intracellular Calcium and the NMDARI1 Subunit in Forebrain. Alcohol. Clin. Exp.
Res. 21, 68-75. doi:10.1111/5.1530-0277.1997.tb03730.x.

Staubli, U., and Lynch, G. (1990). Stable depression of potentiated synaptic responses in
the hippocampus with 1-5 Hz stimulation. doi:10.1016/0006-8993(90)91096-Y.
Stevens, C. F. (1998). A Million Dollar Question: Does LTP = Memory? Neuron 20, 1-2.

doi:10.1016/S0896-6273(00)80426-2.



157

Steward, O., and Scoville, S. A. (1976). Cells of origin of entorhinal cortical afferents to
the hippocampus and fascia dentata of the rat. J. Comp. Neurol. 169, 347-370.
do0i:10.1002/cne.901690306.

Straube, T., Korz, V., and Frey, J. U. (2003). Bidirectional modulation of long-term
potentiation by novelty-exploration in rat dentate gyrus. Neurosci. Lett. 344, 5-8.
doi:10.1016/S0304-3940(03)00349-5.

Streissguth, A. P., Aase, J. M., Clarren, S. K., Randels, S. P., LaDue, R. A., and Smith,
D. F. (1991). Fetal alcohol syndrome in adolescents and adults. JAMA 265, 1961—
1967.

Streissguth, A. P., Barr, H. M., Kogan, J., and Bookstein, F. L. (1996). Understanding the
Occurrence of Secondary Disabilities in Clients with Fetal Alcohol Syndrome (FAS)
and Fetal Alcohol Effects (FAE). Seattle Available at:
http://scholar.googleusercontent.com/scholar?q=cache:lueu3 1QSq9sJ:scholar.google
.com/+fasd+alcohol+abuse&hl=en&as_sdt=0,5 [Accessed September 28, 2018].

Streissguth, A. P., Sampson, P. D., Olson, H. C., Bookstein, F. L., Barr, H. M., Scott, M.,
et al. (1994). Maternal Drinking During Pregnancy: Attention and Short-Term
Memory in 14-Year-Old Offspring-A Longitudinal Prospective Study. Alcohol.

Clin. Exp. Res. 18,202-218. doi:10.1111/j.1530-0277.1994.tb00904..x.

Stidhof, T. C., and Malenka, R. C. (2008). Understanding Synapses: Past, Present, and
Future. Neuron 60, 469—476. doi:10.1016/J.NEURON.2008.10.011.

Summers, B. L., Henry, C. M. A., Rofe, A. M., and Coyle, P. (2008). Dietary zinc
supplementation during pregnancy prevents spatial and object recognition memory
impairments caused by early prenatal ethanol exposure. Behav. Brain Res. 186, 230—
238. doi:10.1016/J.BBR.2007.08.011.

Super, H., and Soriano, E. (1994). The organization of the embryonic and early postnatal
murine hippocampus. II. Development of entorhinal, commissural, and septal
connections studied with the lipophilic tracer Dil. J. Comp. Neurol. 344, 101-20.
doi:10.1002/cne.903440108.

Sutherland, R. J., McDonald, R. J., and Savage, D. D. (1997). Prenatal exposure to
moderate levels of ethanol can have long-lasting effects on hippocampal synaptic
plasticity in adult offspring. Hippocampus 7, 232-238.

Suttie, M., Foroud, T., Wetherill, L., Jacobson, J. L., Molteno, C. D., Meintjes, E. M., et
al. (2013). Facial dysmorphism across the fetal alcohol spectrum. Pediatrics 131,
€779-88. doi:10.1542/peds.2012-1371.

Suttie, M., Wetherill, L., Jacobson, S. W., Jacobson, J. L., Hoyme, H. E., Sowell, E. R., et
al. (2017). Facial Curvature Detects and Explicates Ethnic Differences in Effects of
Prenatal Alcohol Exposure. Alcohol. Clin. Exp. Res. 41, 1471-1483.
doi:10.1111/acer.13429.

Swartzwelder, H. S., Farr, K. L., Wilson, W. A., and Savage, D. D. (1988). Prenatal
exposure to ethanol decreases physiological plasticity in the hippocampus of the
adult rat. Alcohol 5, 121-124. d0i:10.1016/0741-8329(88)90008-0.

Swartzwelder, H. S., Wilson, W. A., and Tayyeb, M. 1. (1995). Differential Sensitivity of
NMDA Receptor-Mediated Synaptic Potentials to Ethanol in Immature Versus
Mature Hippocampus. Alcohol. Clin. Exp. Res. 19, 320-3. doi:10.1111/5.1530-
0277.1995.tb01509.x.

Syme, M. R., Paxton, J. W., and Keelan, J. A. (2004). Drug Transfer and Metabolism by



158

the Human Placenta. Clin. Pharmacokinet. 43, 487-514. doi:10.2165/00003088-
200443080-00001.

Tabatadze, N., Huang, G., May, R. M., Jain, A., and Woolley, C. S. (2015). Sex
Differences in Molecular Signaling at Inhibitory Synapses in the Hippocampus. J.
Neurosci. 35, 11252—-11265. doi:10.1523/JNEUROSCI.1067-15.2015.

Talani, and Lovinger (2015). Interactions between ethanol and the endocannabinoid
system at GABAergic synapses on basolateral amygdala principal neurons. 4, 139—
148. doi:10.1038/nmeth.2839.A.

Tan, S. E., Berman, R. F., Abel, E. L., and Zajac, C. S. (1990). Prenatal alcohol exposure
alters hippocampal slice electrophysiology. Alcohol 7, 507-511. doi:10.1016/0741-
8329(90)90040-J.

Tanaka, M., and Sokabe, M. (2013). Bidirectional modulatory effect of 173-estradiol on
NMDA receptors via ERo and ER in the dentate gyrus of juvenile male rats.
Neuropharmacology 75, 262-273. Available at:
http://www.sciencedirect.com/science/article/pii/S0028390813003468#fig2
[Accessed November 6, 2017].

Thanh, N. X., Jonsson, E., Salmon, A., and Sebastianski, M. (2014). Incidence and
prevalence of fetal alcohol spectrum disorder by sex and age group in Alberta,
Canada. J. Popul. Ther. Clin. Pharmacol. 21, €395-404. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25381628 [Accessed June 6, 2018].

Thiels, E., Barrionuevo, G., and Berger, T. W. (1994). Excitatory stimulation during
postsynaptic inhibition induces long-term depression in hippocampus in vivo. J.
Neurophysiol. 72, 3009-16. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/7897506 [Accessed June 15, 2016].

Thomas, J. D., Abou, E. J., and Dominguez, H. D. (2009). Prenatal choline
supplementation mitigates the adverse effects of prenatal alcohol exposure on
development in rats. Neurotoxicol. Teratol. 31,303-311.
doi:10.1016/J.NTT.2009.07.002.

Thomas, J. D., Idrus, N. M., Monk, B. R., and Dominguez, H. D. (2010). Prenatal choline
supplementation mitigates behavioral alterations associated with prenatal alcohol
exposure in rats. Birth Defects Res. A. Clin. Mol. Teratol. 88, 827-837.
doi:10.1002/bdra.20713.

Thomas, S. E., Kelly, S. J., Mattson, S. N., and Riley, E. P. (1998). Comparison of Social
Abilities of Children with Fetal Alcohol Syndrome to Those of Children with
Similar IQ Scores and Normal Controls. Alcohol. Clin. Exp. Res. 22, 528-533.
doi:10.1111/5.1530-0277.1998.tb03684 ..

Titterness, A. K., and Christie, B. R. (2008). Long-term depression in vivo: effects of sex,
stress, diet, and prenatal ethanol exposure. Hippocampus 18, 481-91.
doi:10.1002/hipo.20407.

Titterness, A. K., and Christie, B. R. (2012). Prenatal ethanol exposure enhances
NMDAR-dependent long-term potentiation in the adolescent female dentate gyrus.
Hippocampus 22, 69—-81. doi:10.1002/hipo.20849.

Tokuda, K., Izumi, Y., and Zorumski, C. F. (2013). Locally-generated acetaldehyde is
involved in ethanol-mediated LTP inhibition in the hippocampus. Neurosci. Lett.
537,40-43. doi:10.1016/J.NEULET.2013.01.018.

Tran, T. D., and Kelly, S. J. (2003). Critical periods for ethanol-induced cell loss in the



159

hippocampal formation. Neurotoxicol. Teratol. 25, 519-528. d0i:10.1016/S0892-
0362(03)00074-6.

Treves, A., Tashiro, A., Witter, M. E., and Moser, E. 1. (2008). What is the mammalian
dentate gyrus good for? Neuroscience 154, 1155-1172.
doi:10.1016/j.neuroscience.2008.04.073.

Trivino-Paredes, J., Patten, A. R., Gil-Mohapel, J., and Christie, B. R. (2016). The effects
of hormones and physical exercise on hippocampal structural plasticity. Front.
Neuroendocrinol. 41, 23-43. d0i:10.1016/J.YFRNE.2016.03.001.

Trommer, B. L., Liu, Y. B., and Pasternak, J. F. (1996). Long-term depression at the
medial perforant path-granule cell synapse in developing rat dentate gyrus. Brain
Res. Dev. Brain Res. 96, 97-108.

Tsou, K., Brown, S., Safiudo-Pefia, M. C., Mackie, K., and Walker, J. M. (1998).
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat central
nervous system. Neuroscience 83,393—411.

Tsou, K., Mackie, K., Safiudo-Pefia, M. C., and Walker, J. M. (1999). Cannabinoid CB1
receptors are localized primarily on cholecystokinin-containing GABAergic
interneurons in the rat hippocampal formation. Neuroscience 93, 969-975.
doi:10.1016/S0306-4522(99)00086-X.

Uban, K. A., Sliwowska, J. H., Lieblich, S., Ellis, L. A., Yu, W. K., Weinberg, J., et al.
(2010). Prenatal alcohol exposure reduces the proportion of newly produced neurons
and glia in the dentate gyrus of the hippocampus in female rats. Horm. Behayv. 58,
835-843. doi:10.1016/j.yhbeh.2010.08.007.

Uchigashima, M., Narushima, M., Fukaya, M., Katona, 1., Kano, M., and Watanabe, M.
(2007). Subcellular Arrangement of Molecules for 2-Arachidonoyl-Glycerol-
Mediated Retrograde Signaling and Its Physiological Contribution to Synaptic
Modulation in the Striatum. J. Neurosci. 27, 3663-3676.
doi:10.1523/INEUROSCI.0448-07.2007.

Uecker, a, and Nadel, L. (1996). Spatial locations gone awry: object and spatial memory
deficits in children with fetal alcohol syndrome. Neuropsychologia 34, 209-223.
doi:10.1016/0028-3932(95)00096-8.

Ulleland, C. N. (1972). THE OFFSPRING OF ALCOHOLIC MOTHERS. 4nn. N. Y.
Acad. Sci. 197, 167-169. doi:10.1111/5.1749-6632.1972.tb28142 x.

Ulleland, C., Wennberg, R. P., Igo, R. P., and Smith, N. J. (1970). The Offspring of
Alcoholic Mothers. Pediatr. Res. 4, 474—474. doi:10.1203/00006450-197009000-
00159.

Varaschin, R. K., Akers, K. G., Rosenberg, M. J., Hamilton, D. A., and Savage, D. D.
(2010). Effects of the cognition-enhancing agent ABT-239 on fetal ethanol-induced
deficits in dentate gyrus synaptic plasticity. J. Pharmacol. Exp. Ther. 334, 191-8.
doi:10.1124/jpet.109.165027.

Varaschin, R. K., Rosenberg, M. J., Hamilton, D. A., and Savage, D. D. (2014).
Differential effects of the histamine H(3) receptor agonist methimepip on dentate
granule cell excitability, paired-pulse plasticity and long-term potentiation in
prenatal alcohol-exposed rats. Alcohol. Clin. Exp. Res. 38, 1902—11.
doi:10.1111/acer.12430.

Varma, N., Carlson, G. C., Ledent, C., and Alger, B. E. (2001). Metabotropic glutamate
receptors drive the endocannabinoid system in hippocampus. J. Neurosci. 21,



160

RC188. doi:10.1523/JINEUROSCI.21-24-J0003.2001.

Vengeliene, V., Bilbao, A., Molander, A., and Spanagel, R. (2008). Neuropharmacology
of alcohol addiction. Br. J. Pharmacol. 154,299-315. doi:10.1038/bjp.2008.30.
Volk, L. J., Daly, C. A., and Huber, K. M. (2006). Differential Roles for Group 1 mGIluR
Subtypes in Induction and Expression of Chemically Induced Hippocampal Long-

Term Depression. J. Neurophysiol. 95, 2427-2438. doi:10.1152/jn.00383.2005.

Vouimba, R.-M. M., Foy, M. R. M. . R, Foy, J. . G., and Thompson, R. F. R. . F. (2000).
17B-estradiol suppresses expression of long-term depression in aged rats. Brain Res.
Bull. 53, 783-787. doi:10.1016/S0361-9230(00)00377-4.

Walker, D. W., Barnes, D. E., Zornetzer, S. F., Hunter, B. E., and Kubanis, P. (1980).
Neuronal loss in hippocampus induced by prolonged ethanol consumption in rats.
Science 209, 711-3. doi:10.1126/SCIENCE.7394532.

Walker, D. W., Freund, G., Zornetzer, S., Hunter, B., and Kubanis, P. (1973). Impairment
of Timing Behavior after Prolonged Alcohol Consumption in Rats. Science (80-. ).
182, 597-599. doi:10.1126/science.182.4112.597.

Walker, D. W., Hunter, B. E., and Abraham, W. C. (1981). Neuroanatomical and
Functional Deficits Subsequent to Chronic Ethanol Administration in Animals.
Alcohol. Clin. Exp. Res. 5,267-282. doi:10.1111/5.1530-0277.1981.tb04901 .x.

Walker, M. J., Al-Sahab, B., Islam, F., and Tamim, H. (2011). The epidemiology of
alcohol utilization during pregnancy: an analysis of the Canadian Maternity
Experiences Survey (MES). BMC Pregnancy Childbirth 11, 52. doi:10.1186/1471-
2393-11-52.

Wang, J. Q., Arora, A., Yang, L., Parelkar, N. K., Zhang, G., Liu, X., et al. (2005).
Phosphorylation of AMPA Receptors: Mechanisms and Synaptic Plasticity. Mol.
Neurobiol. 32,237-250. doi:10.1385/MN:32:3:237.

Wang, Y., Rowan, M. J., and Anwyl, R. (1997). Induction of LTD in the Dentate Gyrus
In Vitro Is NMDA Receptor Independent, but Dependent on Ca ** Influx via Low-
Voltage—Activated Ca ** Channels and Release of Ca ** From Intracellular Stores. J.
Neurophysiol. 77, 812—825. doi:10.1152/jn.1997.77.2.812.

Ward, I. L., and Weisz, J. (1984). Differential Effects of Maternal Stress on Circulating
Levels of Corticosterone, Progesterone, and Testosterone in Male and Female Rat
Fetuses and Their Mothers*. Endocrinology 114, 1635-1644. doi:10.1210/endo-
114-5-1635.

Warren, S. G., Humphreys, A. G., Juraska, J. M., and Greenough, W. T. (1995). LTP
varies across the estrous cycle: enhanced synaptic plasticity in proestrus rats. Brain
Res. 703, 26-30. doi:10.1016/0006-8993(95)01059-9.

Watson, D. J., Ostroff, L., Cao, G., Parker, P. H., Smith, H., and Harris, K. M. (2016).
LTP enhances synaptogenesis in the developing hippocampus. Hippocampus 26,
560-576. doi:10.1002/hipo.22536.

Weaver, M. S., Lee, Y. H., Morris, J. L., Randall, P. K., Schallert, T., and Leslie, S. W.
(1993). Effects of in vitro ethanol and fetal ethanol exposure on glutathione
stimulation of N-methyl-D-aspartate receptor function. Alcohol. Clin. Exp. Res. 17,
643-650.

Webster, W. S., Walsh, D. A., McEwen, S. E., and Lipson, A. H. (1983). Some
teratogenic properties of ethanol and acetaldehyde in C57BL/6J mice: implications
for the study of the fetal alcohol syndrome. Teratology 27, 231-43.



161

doi:10.1002/tera.1420270211.

Weinberg, J. (1984). Nutritional issues in perinatal alcohol exposure. Neurobehav.
Toxicol. Teratol. 6,261-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/6514087 [Accessed April 19, 2018].

Weinberg, J. (1985a). Effects of ethanol and maternal nutritional status on fetal
development. Alcohol Clin Exp Res 9, 49-55.

Weinberg, J. (1985b). Effects of Ethanol and Maternal Nutritional Status on Fetal
Development. Alcohol. Clin. Exp. Res. 9, 49-55. doi:10.1111/5.1530-
0277.1985.tb05049.x.

Weinberg, J., and Gallo, P. V (1982). Prenatal ethanol exposure: pituitary-adrenal activity
in pregnant dams and offspring. Neurobehav Toxicol Teratol 4, 515-520.

Weinberg, J., Sliwowska, J. H., Lan, N., and Hellemans, K. G. C. (2008). Prenatal
alcohol exposure: foetal programming, the hypothalamic-pituitary-adrenal axis and
sex differences in outcome. J. Neuroendocrinol. 20, 470—88. doi:10.1111/j.1365-
2826.2008.01669.x.

Weisz, J., Brown, B. L., and Ward, I. L. (1982). Maternal stress decreases steroid
aromatase activity in brains of male and female rat fetuses. Neuroendocrinology 35,
374-9. do0i:10.1159/000123410.

Weisz, J., and Ward, L. L. (1980). Plasma Testosterone and Progesterone Titers of
Pregnant Rats, Their Male and Female Fetuses, and Neonatal Offspring®.
Endocrinology 106, 306-316. doi:10.1210/endo-106-1-306.

Whitlock, J. R., Heynen, A. J., Shuler, M. G., and Bear, M. F. (2006). Learning induces
long-term potentiation in the hippocampus. Science (80-. ). 313, 1093—7.

Wickens, J. R., and Abraham, W. C. (1991). The involvement of L-type calcium channels
in heterosynaptic long-term depression in the hippocampus. Neurosci. Lett. 130,
128-132. do0i:10.1016/0304-3940(91)90244-N.

Wigal, T., and Amsel, A. (1990). Behavioral and neuroanatomical effects of prenatal,
postnatal, or combined exposure to ethanol in weanling rats. Behav. Neurosci. 104,
116-26. doi:10.1037//0735-7044.104.1.116.

Wilson, D., Xu, W., Sadrian, B., Courtiol, E., Cohen, Y., and Barnes, D. C. (2014).
Cortical Odor Processing in Health and Disease. Prog. Brain Res. 208, 275-305.
doi:10.1016/B978-0-444-63350-7.00011-5.

Wilson, R. I., Kunos, G., and Nicoll, R. A. (2001). Presynaptic Specificity of
Endocannabinoid Signaling in the Hippocampus. Neuron 31, 453—462.
doi:10.1016/S0896-6273(01)00372-5.

Wilson, R. 1., and Nicoll, R. A. (2002). Endocannabinoid signaling in the brain. Science
296, 678—82. doi:10.1126/science.1063545.

Witter, M. P. (2007). The perforant path: projections from the entorhinal cortex to the
dentate gyrus. Prog. Brain Res. 163, 43—61. doi:10.1016/S0079-6123(07)63003-9.

Witter, M. P., and Moser, E. L. (2006). Spatial representation and the architecture of the
entorhinal cortex. Trends Neurosci. 29, 671-678. doi:10.1016/j.tins.2006.10.003.

Woolley, C. S., Gould, E., Frankfurt, M., and McEwen, B. S. (1990). Naturally occurring
fluctuation in dendritic spine density on adult hippocampal pyramidal neurons. J.
Neurosci. 10, 4035-9. doi:10.1523/JINEUROSCI.10-12-04035.1990.

Woolley, C. S., and McEwen, B. S. (1993). Roles of estradiol and progesterone in
regulation of hippocampal dendritic spine density during the estrous cycle in the rat.



162

J. Comp. Neurol. 336, 293-306. doi:10.1002/cne.903360210.

Woolley, C. S., and McEwen, B. S. (1994). Estradiol regulates hippocampal dendritic
spine density via an N-methyl-D-aspartate receptor-dependent mechanism. J.
Neurosci. 14, 7680-7. doi:10.1523/INEUROSCI.14-12-07680.1994.

Woolley, C. S., Weiland, N. G., McEwen, B. S., and Schwartzkroin, P. A. (1997).
Estradiol increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA
receptor-mediated synaptic input: correlation with dendritic spine density. J.
Neurosci. 17, 1848-59. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9030643
[Accessed November 7, 2017].

Wozniak, J. R., Fuglestad, A. J., Eckerle, J. K., Fink, B. A., Hoecker, H. L., Boys, C. J.,
et al. (2015). Choline supplementation in children with fetal alcohol spectrum
disorders: a randomized, double-blind, placebo-controlled trial. Am. J. Clin. Nutr.
102, 1113—-1125. doi:10.3945/ajcn.114.099168.

Wozniak, J. R., Fuglestad, A. J., Eckerle, J. K., Kroupina, M. G., Miller, N. C., Boys, C.
J., et al. (2013). Choline supplementation in children with fetal alcohol spectrum
disorders has high feasibility and tolerability. Nutr. Res. 33, 897-904.
doi:10.1016/J.NUTRES.2013.08.005.

Xia, Z., and Storm, D. R. (2005). The role of calmodulin as a signal integrator for
synaptic plasticity. Nat. Rev. Neurosci. 6, 267-276. doi:10.1038/nrn1647.

Xu, J., and Wu, L.-G. (2005). The Decrease in the Presynaptic Calcium Current Is a
Major Cause of Short-Term Depression at a Calyx-Type Synapse. Neuron 46, 633—
645. doi:10.1016/J.NEURON.2005.03.024.

Yates, W. R., Cadoret, R. J., Troughton, E. P., Stewart, M., and Giunta, T. S. (1998).
Effect of Fetal Alcohol Exposure on Adult Symptoms of Nicotine, Alcohol, and
Drug Dependence. Alcohol. Clin. Exp. Res. 22,914-920. doi:10.1111/5.1530-
0277.1998.tb03889.x.

Youngentob, S. L., and Glendinning, J. I. (2009). Fetal ethanol exposure increases
ethanol intake by making it smell and taste better. Proc. Natl. Acad. Sci. U. S. A.
106, 5359-5364.

Yuan, Q., Shakhawat, A. M. D., and Harley, C. W. (2014). “Mechanisms underlying
early odor preference learning in rat,” in Odor Memory and Perception, eds. E.
Barkai and Wilson, 115-156. Available at:
http://www.unboundmedicine.com/medline/citation/24767481/Mechanisms_underly
ing early odor preference learning in rats [Accessed February 16, 2015].

Zakhari, S. (2006). Overview: how is alcohol metabolized by the body? Alcohol Res.
Health 29, 245-54. Available at: http://www.ncbi.nlm.nih.gov/pubmed/17718403
[Accessed December 8, 2016].

Zheng, D., Li, Y., He, L., Tang, Y., Li, X., Shen, Q., et al. (2014). The protective effect
of astaxanthin on fetal alcohol spectrum disorder in mice. Neuropharmacology 84,
13-18. doi:10.1016/j.neuropharm.2014.04.013.

Zimatkin, S. M., and Deitrich, R. A. (1997). Ethanol metabolism in the brain. Addict.
Biol. 2, 387-400. doi:10.1080/13556219772444.

Zimmerberg, B., Sukel, H. L., and Stekler, J. D. (1991). Spatial learning of adult rats with
fetal alcohol exposure: deficits are sex-dependent. Behav. Brain Res. 42, 49-56.
doi:10.1016/S0166-4328(05)80039-7.

Zorrilla, E. P. (1997). Multiparous species present problems (and possibilities) to



163

developmentalists. Dev. Psychobiol. 30, 141-150. doi:10.1002/(SICI)1098-
2302(199703)30:2<141::AID-DEV5>3.0.CO;2-Q.

Zorumski, C. F., Mennerick, S., and Izumi, Y. (2014). Acute and chronic effects of
ethanol on learning-related synaptic plasticity. Alcohol 48, 1-17.
doi:10.1016/j.alcohol.2013.09.045.

Zucker, R. S., and Regehr, W. G. (2002). Short-term synaptic plasticity. Annu. Rev.
Physiol. 64, 355-405. doi:10.1146/annurev.physiol.64.092501.114547.



164
Appendix A — Slice Ns

The number of slices used in each set of electrophysiological experiments are
outlined in the following tables for control (Table 5) and ethanol (Table 6) offspring as

well as for the pharmacological manipulations to block either LTP or LTD (Table 7).

Table 5. Number of control offspring slices

Multiple slices from individual animals were used across multiple experiments throughout the
work described in this dissertation. Below is the number of individual slices included for analysis
in the final datasets. Only one recording was obtained from an individual slice.

CONTROL
Male Female
LTP 8 7
LTDgoo 12 14
LTD1s00 8 14
Depotentiation 5 7

Table 6. Number of ethanol offspring slices

Multiple slices from individual animals were used across multiple experiments throughout the
work described in this dissertation. Below is the number of individual slices included for analysis
in the final datasets. Only one recording was obtained from an individual slice.

ETHANOL
Male Female
LTP 8 11
LTP2xues 13 16
LTDgoo 11 9
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LTD1s00 5 7

Depotentiation 8 9

Table 7. Number of slices used for pharmacological blockade experiments

Multiple slices from individual animals were used across multiple experiments throughout the
work described in this dissertation. Below is the number of individual slices included for analysis
in the final datasets. For these experiments slices from males and females were combined and
used equally across drug groups. Only one recording was obtained from an individual slice.

DRUG BLOCKADE

N

DL-APV LTP 3
Control LTD 26
DL-APV LTD 6
MPEP LTD 6
NIMO LTD 3
COCKTAIL LTD 3
TAT-GLUA2-3Y LTD 6
AM251 LTD 17
AM251 + MPEP LTD 10
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Appendix B - The Impact of Pair-Feeding on DG LTP and LTD

In the study of PNEE it is common to have an additional control group,
particularly in diet forms of PNEE. In the liquid diet model of PNEE, a pair-fed control is
typically always included in the evaluation of the effect of the EtOH-containing liquid
diet on any given measure. Pair-fed animals receive a similar liquid diet as the EtOH
group except that the EDCs are replaced with calories from maltose-dextrin, a common
food additive found in baby formula and other products readily available to consumers.
The original inclusion of this group was to control for the effect of the liquid diet and
dietary restriction in general however in practice, pair-feeding does not meet these
experimental goals as an appropriate control group. The EtOH dams do indeed have their
diet altered in that they no longer have access to solid chow, but rather ~150g of the
EtOH-containing liquid diet, which they may consume ad /ibitum. Despite the restriction
to ~150g of diet, no dams in this dissertation consumed all of this diet. The amount of
diet provided to the pair-fed dams is yoked to the amount of diet consumed by a weight-
matched EtOH dam, thus there is a true restriction in consumable diet for the pair-fed
dams. Generally, the pair-fed dams consume this diet shortly after presentation of the
bottle and then have no other dietary supplementation until 24 hours later, which is likely
a source of stress for these animals and can have long-term impact on the offspring as a
prenatal stressor. This control is imperfect as discussed above. For these reasons the
PNEE group was compared to the ad [libitum solid chow control throughout this
dissertation, however the impact of pair-feeding on DG synaptic plasticity was examined

nonetheless and compared to the solid-chow control group.

Methods
All procedures involving animal acquisition and breeding were conducted as

described in the methods section of the main body of this dissertation.

Pair-fed Diet — Controlled access to a nutritionally fortified liquid diet
(Weinberg/Keiver high protein liquid diet-control, no. 710109, Dyets Inc, Bethlehem,
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PA, USA) identical to the ethanol diet with the EDC isocalorically substituted with

maltose-dextrin. In order to control for the stress associated with the consumption of a
liquid diet in the ethanol group, dams assigned to the pair-fed condition received the
same amount of food in g/kg/day as their weight-matched ethanol-exposed dams. Pair-fed
dams were supplied with the pair-fed liquid diet from GDI1-21, where on GD22, the
liquid diet was replaced with standard solid rat chow which was provided throughout

parturition.

Liquid diets were provided to animals approximately 2 hours prior to the beginning of
each dark phase for each day of gestation. The daily consumption of the diet was

recorded and the dam body weights were recorded on GDsl1, 7, 14 and 21.

Treatment of offspring and dams after birth is consistent with what is described in the
main body of this dissertation. In vitro electrophysiology in the DG was carried out as

described in transverse hippocampal slices from P21-28 in male and female offspring.

Results
Developmental Data

The measures of prenatal dam weight gain (Table 8) and postnatal offspring
weights (Table 9) are described below compared to controls. Pair-fed dams gained on
average 58.65 £ 4.51% of their body weight over the course of gestation. Pair-fed dams
consumed, on average 73.03g of the pair-fed diet daily throughout gestation with
individual dams consuming daily averages ranging from 66.33g to 77.35g of the pair-fed

diet.
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Table 8. Maternal weight gain during pair-feeding

Pregnant Sprague-Dawley rats were weighed on the day that sperm was found (designated as
gestational day (GD) 1) and then once weekly on GD 7, 14 and 21 prior to giving birth on GD 22.
Average weights are expressed + the standard error of the mean (SEM).

Average Control Pair-Fed
|

Weight at 230.24 + 11.96 220.47 +9.74
GD 1 (9)
Weight at 250.51 + 12.76 235.07 + 11.20
GD 7 (9)
Weight at 276.71 + 13.43 271.73 +9.24
GD 14 (g)
Weight at 344.71 +12.08 348.90 + 5.20
GD 21 (g)

% Weight Gain 51.80 + 8.03 % 58.65 + 4.51 %

There were no statistically significant differences between the average offspring
weights of control and pair-fed litters at any age as shown in Table 9 and depicted

graphically in Figure 40.

Table 9. Postnatal offspring weights after pair-feeding

Average offspring weight gain separated by sex starting on the day after birth (P1) to weaning
an experimental use (P21). On P1 litters were culled to 12 pups consisting of 6 pups of each sex
where possible. A two-tailed student’s t-test was used to evaluate the effect of prenatal diet

treatment within sex and age. The average weights are expressed below * the SEM. Statistical
significance was considered when p < 0.05.

Average Control Pair-Fed
|
Litter Size 12.00 + 0.60 11.67 + 0.88

6.40 + 0.64 8.67 + 0.67

Nmales
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N 5.60 + 0.52 4.33 +1.33
females
Weight 8.13+0.16 7.58 + 0.56
P1male
Weight 6.93 + 0.49 7.62+1.01
P1fema|e _______________________________________________
Weight 10.69 + 0.36 9.42+0.38
P3male
Weight 8.94 + 0.63 9.01 +0.90
P3fema|e _________________________________________________
| Weight 16.83 £ 0.67 14.72 £1.22
P7male
Weight 16. 45+ 0.55 14.40 + 1.16
P7fema|e _______________________________________________
Weight 29.71+2.57 26.26 +2.27
P14'male
Weight 30.85 + 1.39 25.46 + 2.66
P14fema|e ________________________________________________
Weight 55.52 + 3.72 41.40 + 5.61
P21male
Weight 48.69 + 5.31 40.31+5.53

P21 female
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Figure 40. Average offspring weight gain following pair-feeding

Average offspring weights for males (A) and females (B) following consumption of
either solid chow control or pair-feeding liquid diets. Points are the average individual
offspring weights by condition and error bars represent the standard error of the mean.

Synaptic Plasticity

Both LTP and LTD were evaluated in male and female pair-fed offspring. LTP
was induced by a single episode of HFS and LTD was induced by LFSq. HFS did not
induce significantly less PTP in Pair-Fed male offspring (PTP: 113.19 + 9.36 %) as
compared to controls (PTP: 148.04 + 13.60 %; p = 0.055; Figure 41 A, C). The
magnitude of LTP was significantly reduced by pair-feeding in males (Control LTP:
91.81 £ 17.18 %; Pair-Fed LTP: 42.38 + 8.34 %; p = 0.0266; Figure 41 B, C). Similarly,

pair-feeding had no impact on PTP in female offspring (PTP: 135.57 + 15.05 %) but
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caused a significant reduction in the magnitude of LTP (LTP: 32.30 £ 8.05 %; p =

0.0036; Figure 42 B,C).
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Figure 41. Short- and Long-Term Potentiation Following Pair-Feeding in Males

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change
in the fEPSP slope relative to baseline for minutes 0-1 following delivery of the high
frequency stimulation (HFS; black arrow in D). (B) Long-term potentiation (LTP) was
measured as the average percentage of change in the fEPSP slope relative to baseline for
minutes 55-60 following delivery of the HFS. Bars represent the average percentage of
change in the fEPSP slope for PTP (A) and LTP (B) with points representing the average
PTP and LTP for each individual slice in this dataset. (C) Average LTP recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM. * p < 0.05.
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Figure 42. Short- and Long-Term Potentiation Following Pair-Feeding in Females

(A) Post-tetanic stimulation (PTP) was measured as the average percentage of change
in the fEPSP slope relative to baseline for minutes 0-1 following delivery of the high
frequency stimulation (HFS; black arrow in D). (B) Long-term potentiation (LTP) was
measured as the average percentage of change in the fEPSP slope relative to baseline for
minutes 55-60 following delivery of the HFS. Bars represent the average percentage of
change in the fEPSP slope for PTP (A) and LTP (B) with points representing the average
PTP and LTP for each individual slice in this dataset. (C) Average LTP recordings from
the beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM. * p < 0.05.

Neither the magnitudes of STD nor LTD were significantly affected by pair-
feeding in male offspring (see Table 10 for averages and SEMs; Figure 43; STD: p =

0.557; LTD: p =0.194).
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Table 10. Average STD and LTD in Pair-Fed and Control Male Offspring

The average magnitudes of STD and LTD were evaluated in the first minute and in the last 5
minutes (55-60) of the post-conditioning recordings following delivery of LFSqg in both groups.
These are expressed as averages * the standard error of the mean. The effect of prenatal diet was
evaluated statistically using a student’s t-test where statistical significance was considered to be p
< 0.05. Pair-feeding had no impact on either STD or LTD in male offspring compared to controls.

STD LTD
Control -38.73+4.29 % -24.89+4.76 %
Pair-Fed -41.67 £4.19 % -18.30+2.33 %
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Figure 43. Short- and Long-Term Depression Following Pair-Feeding in Males

(A) Short term depression (STD) was measured as the average percentage of change in
the fEPSP slope relative to baseline for minutes 0-1 following delivery of low frequency
stimulation (LFSyg; black bar in C). (B) Long-term depression (LTD) was measured as
the average percentage of change in the fEPSP slope relative to baseline for minutes 55-
60 following delivery of the LFSqqo. Bars represent the average percentage of change in
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the fEPSP slope for STD (A) and LTD (B) with points representing the average STD and
LTD for each individual slice in this dataset. (C) Average LTD recordings from the
beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM.

Similarly, neither magnitudes of STD nor LTD were significantly impacted by
pair-feeding in female offspring (see Table 11 for averages and SEMs; Figure 44; STD: p

=0.375; LTD: p = 0.0758).

Table 11. Average STD and LTD in Pair-Fed and Control Female Offspring

The average magnitudes of STD and LTD were evaluated in the first minute and in the last 5
minutes (55-60) of the post-conditioning recordings following delivery of LFSq in both groups.
These are expressed as averages * the standard error of the mean. The effect of prenatal diet was
evaluated statistically using a student’s t-test where statistical significance was considered to be p
< 0.05. Pair-feeding had no impact on either STD or LTD in female offspring compared to
controls.

STD LTD

Control -52.44 + 4 .86 % -28.46 £ 3.56 %

Pair-Fed -46.23 £ 4.86 % -20.96 £1.82 %
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Figure 44. Short- and Long-Term Depression Following Pair-Feeding in Females

(A) Short term depression (STD) was measured as the average percentage of change in
the fEPSP slope relative to baseline for minutes 0-1 following delivery of low frequency
stimulation (LFSyg; black bar in C). (B) Long-term depression (LTD) was measured as
the average percentage of change in the fEPSP slope relative to baseline for minutes 55-
60 following delivery of the LFSqgo. Bars represent the average percentage of change in
the fEPSP slope for STD (A) and LTD (B) with points representing the average STD and
LTD for each individual slice in this dataset. (C) Average LTD recordings from the
beginning of baseline to the end of the post-conditioning recording. Dots represent the
average percentage of change in the fEPSP slope relative to baseline and the error bars
represent the SEM.

Table 12. Slice Ns in pair-fed experiments

Multiple slices from individual animals were used across multiple experiments throughout the
work described in this dissertation. Below is the number of individual slices included for analysis
in the final datasets. Only one recording was obtained from an individual slice.



PAIR-FED
Male Female
LTP 10 5
LTDgoo 12 11

Discussion

Pair-feeding led to impaired LTP in both male and female offspring, without
affecting LTD in either sex. These data indicate that pair-feeding causes a deficit in

NMDAR-dependent synaptic plasticity in a non-sex-specific manner, and that this
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NMDAR-LTP, but not LTD may be sensitive to prenatal dietary restriction stress in both

SEXCES.
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Appendix C — Supplementary Cumulative Probabilities of
Synaptic Plasticity

Cumulative probabilities can often be effective is displaying the range of data
encompassed in a synaptic plasticity dataset, particularly in identifying possible sources
of differences between groups. As such, cumulative probabilities were calculated for all
plasticity experiments as described in the main body of this dissertation. Cumulative
probabilities for the mechanisms of LTP are shown in Figure 45, while multiple HFS
experiments are displayed in Figure 46. The cumulative probabilities for LTD blockade

experiments are displayed in Figure 48 and for LFS;goo experiments in Figure 47.
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Figure 45. Cumulative Probability for LTP Blockade by DL-APV

Actual frequencies of the distribution of the magnitudes of LTP in controls and under
NMDAR blockage by 50uM DL-APV.
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Figure 46. Cumulative Probabilities for Multiple HFS LTP

Actual frequencies of the distribution of the magnitudes of LTP in both (A) male and
(B) female offspring following either a control or EtOH prenatal diet. Semi-transparent
points and lines represent the cumulative probabilities for the magnitudes of LTP induced
by IxHFS.
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Figure 47. Cumulative Probabilities for LFS;g) LTD

Actual frequencies of the distribution of the magnitudes of LTD induced by LFS;gg in
both (A) male and (B) female offspring following either a control or EtOH prenatal diet.
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Figure 48. Cumulative Probabilities for LTD Blockade Experiments

Actual frequencies of the distribution of the magnitudes of LTD under drug blockade
conditions. (A) Cumulative probabilities for compounds that had no significant effect on
the magnitude of LTD. (B) Cumulative probabilities for AM251, which had a significant
effect on the magnitude of LTD compared to control slices.



