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Abstract

Smoking in pregnant womeas reported as risk factor in neurobehavioral alteratesuch
as learning and memory deficits. Prenatal exposure of nic@mgkg /day in animal models
induces memory impairment associated with cholingglsitamatergicdysfunction. Rodent
model of prenatal nicotine exposure (PREMNXeiving nicotine infusiols in pregnant dams,
developednemory deficits.Here, we demonstrate that basal synaptic transmi§B®n), forms
of synaptic plasticity, including lontgrm potetiation (LTP) are impaired at Schaffer collateral
(SC) synapse in PREN rodents Mean amplitudes and frequency of AMRAU-amino3-
hydroxy-5-methyt4-isoxazolepropionic acid recepjoand NMDAR (N-Methyl-D-Aspartate)
mediated sEPS{spontaneous Excitatory Post Synaptic Currentse reducedConcentrations
of NMDAR subunis NR1/2A, postsynaptic density proted (PSD95) and CaMKIl
(Calmodulin Kinase lldecreased i’REN hippocampus.Moreover, @ficits in LTP andBST
were accompanied ajtereds y nap/b 2 cniUdot i ni c acetyl activilyl i ne r
Co-i mmunoprecipitati o/ hAChRS conplees with WRHE Vesiallar U 7
glutamate transport€k/GLUT), PSD95 andsynapseassociated protei(BAP102) disrupted in
PRENTrodents Additionally, the nicotinic signaling pathway was impaired in them.
U 7 MAChRS facilitate release of other neurotransmittiersluding glutamateHere we tried
to address whether nAChsubunitsare responsible for deficits in synaptic plasticity RREN
rodents First, we found thiae x pr e s s i o n s-nAGhRs dictiecneased Moover

bl oc k a dmACh&s withUMethyllycaonitine (MLA) in control animalsimpaired LTP.



Western blots analysis of hippocampl lysates revealed decreasedexpression of PSD
95SAP102 These proteinare involved inregulatingorganization of postsynaptic components
at nicotinic synapses. Theseukls suggest that PREKhpaired LTPPPF arise as consequence
of dysf uhbc2t i noAn@khResilig logical to opine thahChRs may be an important
target to help ameliorate cognitive deficits.

Studies indicate cognitive deficits arduring This studywas performed to ingigate the
effects of prenatal nicotine exposure on excitatory synaptic physiology and cellular signaling in
hippocampus Reduced nAChR expression and modifisthPK signaling consequenceof
PREN are thought to b@otential mechanisms for disrupted éatory synaptic physiology in
hippocampus oPREN rats. In addition, we identify alterations in synaptic plasticB®T,
decreased AMPAR synaptic currents and reduced nAChR levels and their signaling in the

hippocampus of PREN rodents as mechanisms wmagilbong lasting cognitive impairments.
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1. Introduction:

Smoking during pregnancy has been reported as a strong risk factor for several adverse health
conditions in childrenPausova et gl.2007. Such conditions range from stillbirth and sudden
infant death syndrome to long term neurobehavioral alterations such as learning and memory
deficits WinzerSerhan 2008, Ernst et al., 2001, Linnet et al., 2003). Several human longitudinal
studies conducted so far suggest a strong correlation between maternal smokatghandal
cognitive outcomesn offspring, especially in younger children (Kafouri et al., 2009). Tobacco
contains several harmful substances, but the neurobehavioral changesdbsthesechildren
are mainly due to exposure to nicotineutera Nicotine is the major psychoactive and addictive
compound in tobacco andt the same timean agonist of nicotinic acetylcholine receptors
(nAChRs). Consistent with these observatjomsimal studies from our and other laboratories
have shown that prenatal nicotine exposure results in enduring learning and memory. deficits
These deficitcan be used as a moddlcognitive deficits observed in childrdrorn tosmoking
mothers (Vaglenaw et al., 2008, Parameshwaran et al., 2012).

T h e - alh7d -subudit containinglAChR subtypes are abundantly expressed in the
hippocampus (Alkondon et al., 2004). The hippocampus is a tegion which aids the process
of memory consolidatin. It further helps in movementlated to spatiatavigation(Kogan et al.,
2000). These functions of the hippocampus are likely regulated by nAChiRag embryonic
development, nAChRs plasnany important roles in formatiorof neural networks and tirme

dependent activation of ot her neur onACAR s mi t t



MRNA is expressed as early as embryonic day 13 (E13) in rat feta] araireceptors become
functional in the prenatal brain (Leslie et al., 1997). Therefor@nahnicotineexposureduring
fetal development can impair the regulatoapacityof nAChRs in neural circuitry and synapse
formation. Chronic nicotine exposure during early development appears to alter hippocampal
morphology, resulting in decreaseposs neuronalareaand increased packing densities in
hippocampal and cortical neuronghis sugges that nicotine caraffect neuronal morphology.
Theseeffectsare a direct consequence @veélopmental nicotine exposufieoy and Sabherwal,
1994; Roy et al.2002; Huang et al., 2007mportantly, theeffects of nicotine on the developing
brain are specific to certain regions. For example, the cerebellum, which develops i
neonate doesnot show altered neuronal morpholo@n the other handhicotine has a rapid and
long-lasting effect on hippocampal neuromaicro-structurewith a vulnerability period that

extends from prenatal to early postnéifal (Huang et al., 2007).

In the hippocampus, excitatory neurotransmission is mainly neediby glutamate
receptors. However, hippocampal glutamatergic transmission itself is modulated by other
neurotransmitter systenia the brain Specifically, presynaptic nAChRs have been shown to
facilitatether el ease of gl ut amataen d-nAOBRmeddied increases nnapt i
glutamate release in hippocampal CA1 syngapsatributes to synaptic plasticity (Jet al., 2001;

Ge et al, 2005 These findings hi ghl + ghd-nACBRs initmepor t a
development of glutamatergic synapsand synaptic plasticity in the hippocampus. In the case of
pregnant smokers, the developing fetal brains receivenic exposure to nicotindherefore,
developmental disruptions of nAChRs can have deleterious impacts on glutamatergic synaptic

physiobgy and plasticity, culminating in impaired cognitive functioAkhough impairment of



hippocampus dependent memory formation in prematatine exposed (PREN) rodents is
widely reported, the underlying mechanisms have yet to be fully elucidatednitial findings
(Parameshwaran et al., Z)1provide the first empirical evidence that hippocampal LTP is
impaired in PREN rodents. In addition, our recent studies also provide evidence that basal
synaptic transmission, AMPAR function, and the expressibkey pre and post-synaptic
proteinsare altered inthe hippocampus of PREN roder{Barameshwaran et al., Z)1The
processes undgrhg modifications in these twaeurotransmitter systenmhich promote these
deficits are currently not known. A compensive understanding of the mechanisms governing
cognitive deficits in the hippocampus of PREN rodents would contribute to therapeutic strategies
for increasing the quality of life for individuals affected by such conditions

This study providesmmense contributions to fill critical gaps iour previous study
(Parameshwaran et al., Z)1 and existing literature This project testd an overarching
hypothesis that alterations in NAChRs expression and function lead to modified glutamatergic
transmission in the hippocampus resulting in memory deficits in PREN rodents.
Recently published workrom our laboratorydemonstrated that basal synaptic transmission and
LTP was impaired in PREN rat hippocampi (Parameshwaran et aR). A20fese results suggest
that developmentalnicotine exposure affects the synaptic transmissioadiated largely by
glutamate receptorsn the postnatal brainPrevious findings established that nAChRs are
modulators of synaptic transmission and plasticity in the hippocar@uudindings suggest that
protein expression of U7 and b2 nAChRs. Inwer e
the current study, evaluations of responsiveness of glutamatergic synaptic transmission to
modulation of different types of nAChRs were penied.These observatiormaise thepossibility

that altered expression and function of NAChRs may have contributed to the observed deficits in



glutamatergic synaptic transmission and plasticity. This will lead to more detailed understanding
of the compkx mechanismby which prenatal nicotine exposure affects synaptic transmission
and plasticity. The results of this study highligietimportant mechanisms by which the maternal

smoking can cause cognitive defiaitsoffspring
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2- Literature review

Tobacco has been documented as a profoundly used drug of abuse around the world, with an
estimated 19.5% of adults in the United States identifying themselves as regular smokers (CDC,
2010). The proportion of pregnant women who kens believed to be 20 to 25%, resulting in
approximately 800,000 babies in the United States born yearly to smuobithgrs(Martin et al.,

2003. In addition to the direct effects on the adult smoker, tobagposure exertsleleterious
effects on the health of the fefuontinuingthrough adolescenq&um-Nji et al., 2006 Rogers,

2008.

The use of tobacco during pregnancy exposes the developing fetal brain to the psychoact
compound nicotine. Evidendeom human and animal studies have demonstrated that maternal
smoking can lead to deficits appearing early in patsil life compared to babies born to non
smokers. These symptoms include low birth weight, nicotine withdrawal syndrome, sudden infant
death syndrome (SIDS), a higher risk of heart defects, cleft lip or palate, and possibly other birth
defects and cognite behavioral alteration@Hackshaw et al., 20)1The long-term effects of
tobacco exposure during fetal brain development may be more profound since maturation of
neural circuitry is not yet completed and the inherent plasticity of the developing brain makes i
particularly susceptible to dreigduced alterations.

Although tobacco smoke contains over four thousand chemld&lDept. of Health and Human
Services, 198P nicotine has been reported as the main psychoactive constituent and exerts
neurotoxic effects on the prenatal developing brain. Nicotine is a hygroscopic liquid alkaloid
found naturally in high concentrations in the tobacco pMicbtiana tabacum Nicotine can

easily penetrate the skin and cross the placenta and blood brain Wausk & al., 1985.

Nicotinic receptors (nAChRs) are expressedly by the first trimester in théoetal brain, which


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2746456/?tool=pubmed#R257
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2746456/?tool=pubmed#R257

is indicative of theircrucial functional role in modulating brain development. Nicotine both
activates and desensitizes neuronal nAChRsc¢lwhre a structurally diverse family of ligand

gated ion channel receptors. nAChRs are widely expressed in the fetal central nervous system and
mediate the physiological effects of the neurotransmitter acetylcholine (ACh), which has shown
to have a critial role in brain maturatio(Dani, 200).

Pharmacology of neuronal nicotinic receptors

Neuronal nicotinic acetylcholine receptgrAChRs) have caught the attention of researchers due

to theirinvolvement in several important physiological processes such as cognitive learning and
memory, synaptic plasticity, neurodevelopment, and neuroprote¢tiewin et al., 2003.
nAChRs are also involved in many pathologica
di sease, Parkinsonods di s e(®Paieet al.,,s2001 Pateospnhanee ni a ,
Nordberg, 200p In addition, nAChRs are involved in other physiological functions such as
arousal, cerebral blood flow and metabolism, inflammation, and presynapti@ati@guof
neurotransmitter release. Moreover, alterations in NAChR subunit expression in specific brain
regions during development, including changes in subunit composition, can contribute to altered
biochemical signaling as seen in several pathophystdbgonditiongGotti et al., 2008.

Acetylcholine receptors (AChRRsare a family of ligandhctivated receptors involved in
cholinergic neurotransmission in the central nervous system (CNS) (Cooper et al., 2003).
Cholinergic neurotransmission involves the production @& tleurotransmitteacetylcholine

(ACh) in presynaptic cholinergic neurons by the synthetic activity of choline acetyltransferase
(ChAT). For thismechanisman acetyl group from mitochondrdérived acetyl coenzyme A is
transferred todietary nutrientcholine, which then uptake into the presynaptic neuron. The

synthesized ACh is stored in vesicles located near the synaptic terminal and released upon



depolarization by a calcium dependent mechanism. Synaptic ACh may then bind to postsynaptic
AChRs and, in eame cases, regulates its own release via interactions with presynaptic
autoreceptors. Unbound ACh in the synapse is hydrolyzed by acetylcholinesterase (AChE), which
is present on preand postsynaptineuronaimembranes. Following the activation of posegytic
receptors, ACh is released from the receptor and is degraded by AChE to acetate and choline,
which is therreusedn the syntheti@vents

The released ACh interacts with two different cholinergic receptor subtypes: nicotinic and
muscarinic (Coopertel., 2003). Muscarinic acetylcholine receptors (MAChRSs) are metabotropic
receptors coupled to-@roteins (guanine nucleotidending regulatory proteins) and are capable

of eliciting inhibitory or excitatory responsesAChRsare ligandgated pentamegiion channels

that consist of four transmembragganning subunits around a central péiigure2.1). NAChRs

are found in the central and the peripheral nervous systeltisaf, Placzek, & Dani, 2007
Depending on their subunit composition, NnAChRs can increase either sodium or calcium
permeability and hence elicit depolarization or excita{ipani and Bertrand, 200.7To date,

twelve genes encoding for neuronal nAChR subunits have been identified. A variety of receptor
subtypes result from different combinations of the rdn@2-a10) and thred (b2-b4) subunits
(McGehee, 1999 nAChRs have been divided into two major classes containing either a
heteropentUédmédiec @©OWU2 homoPerh)t asmmeruct rUg. The
composition determines the pharmacological specificity, ion selectivity, and desensitization

characteristics of the nAChGottietal., 2006 Accumul ating evamaeénfkc2

r
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containing NAChRs are expressed at preterminal, ax@mahatic and dendritidocations.

(A) (B)
N (C B2 a7
D e
| P X { ) ) [} ( ) | X WG (l4 B?- Cl7 ‘ . o7
M1 M2 M3 M4 ‘ A . ‘ .
’vll B2 a4 o7 B a7

Figure 2.1: Transmembrane topology and pentameric structure of nAChRs. (A) nAChRs consist
transmembrane domains (M1 through M4) with extracellutear@ Ntermini. (B) Subunits are assembled
pentamers that include a waféled cation-permeable pore. The most common nAChRs in the brain are ¢
oligomeric U4b2o0hiAGbRer acdURomAChRs. The reco¢
filled black squares adapted frdivicKay et al., 200Y.

Il n CNS, t he most common neuronal NAChRmd ar e t

in a 2U:3b stoichiometric ratio and produces
the homomeric U7 nAChR consisting of five U7
sites and i s-bungattaxin dChéenzeddatick®97;WDreUrtreger et al., 1997).

U4b2 nAChRs pfandmaveialrapge gf @ffects aiNtee neuronal level, depending on
their | ocati on. The U4b2 nAChR binds nicotin
cytisine, with high affinity (Dani ash Bertrand, 2007). When activated, this receptor primarily

gates N§ leading to membrane depolarization and facilitation of other excitatory inputs.
Continued exposure to concentrations of nicotine equivalent to blood levels in a smoker will lead
todesesi t i zati on of nAGhBRs maj ority of U4b2

The other abundant NAChR subtype f owhrchlican n t he

be found in regions of the brain involved in learning and memory like the hippocampus and

cerebralcortex(Breese et al., 1997&ubboli et al., 1994At t he cel l ul ar | evel
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NAChRs isbelievedto modulateinterneuron excitability (Frazier et al., 1998and regulatethe

release of excitatory and inhibitory neurotransmit{éi&ondon et al., 2000a The U7 nAClI
displays rapid desensitization in the presence of high concentrations of agonist and conducts Na

as well as being highly permeable to"CHNa":10Ca") (Dani and Bertrand, 2007Presynaptic
densities of U7 nAChRs ©play criti ¢dependemdbdul at
release of hippocampal norepinephriGd. ut amat e r el ease may al so be
(Wonnacott et al., 2006 nAChRs shares some characteristics withmathytD-aspartate

receptors (NMDARs) and can modulate glutamatearalee : U7 nAChRs "gsate as
NMDARs. Thus nAChRs are implicated in synaptic plasticity at more hyperpolarized membrane
potentials(McGehee and Role, 1995 nterestingly, there is some evidence that NMDARs are
required for nAChRmediated LTP(Welsby et al., 2006 Indeed, nAChRs are found at both
presynaptic andgstsynaptic sites in the hippocampus CA1 region, as identified by immunogold
labeling and electron microscoflyabianFine et al., 200 and additionally orsites outside the

synapse where they act to regulate neuronal function. The presence of these receptors
postsynaptically, where they contribute a small amount of postsynaptic membrane depolarization,
presumably increases the opening probability of NMDARsthe voltagedependent relief of

Mg®* blockade; in addition. nAChRsave crucial role in modulatinigtracellular C&" signal in

the postsynaptic cell that matimulateplasticity-evoking C&*-dependent signaling and gene
transcription(Alkondon et al., 1998Hu et al., 2002 However, nAChRs are more predominant

in presynaptic and preterminal regions. When tedgresynaptically, they serve énhance the

release of many neurotransmitters in diverse regions of thelbydiiggering voltagegated C&

channels that modulate other neurochemical sys{éredway et al., 1999
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The role of nicotinic receptor desensitization in chronic developmental nicotine exposure

Desensitization is an important characteristic of nAChRs. Acute exposure to nicotine activates a
normalcholinergic response, but chronic exposure inhibits the normal biological response of ACh
through desensitization. Desensitization of NAChRs is a fairly complex phenomenon. In general,
NAChRs slowly desensitize in presence of concentrations of agonist loweh than that
required for activation(Fenster et al., 1999 Therefore, desensitization of brain nicotinic
receptors can occur due to prolonged nicotine su resulting fronsmoking (Brody et al.,

2008.

Nicotine is a very potent and efficacious desensitizing agent of nAGkeRmentionedearlier,

nicotine desensitz e s U4b2 nAChRs (Parddisceand Steirdacly, 200Fhe r at s
presence of increaseadcotinic receptor desensitization in hypoglossal motor neurons following
chronic developmental ootine exposure has also been reportedarski et al., 2012 In
physiological environments, neurotransmitters are typically released in amounts lower than the
threshold for receptor desensitizatibtfowever, for nicotinic receptors those desensitizes quickly

or have high affinities for Ach, such as the
repetitive stimulation. The same is true in case of receptor-pepblations where
neurotransmittersemain bound to agonists for a long time after free transmitter is hydrolyzed.
Moreover, highly selective agonists fa7 nAChRs, like choline, can desensitize the receptors

rapidly (Alkondon et al., 2000H_evin and Simon, 199&ilarski et al., 201

The trend does not remain same in every species tisabdwn studied. For example, it was
reported that NnAChRs are upregulated in postmortem brains of rodents and in smokers due to

chronic nicotine exposurgBreese etal., 1997bMarks et al., 1983 In addition, the
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neuroprotective properties of nicotine are a result of receptor upregul@omala and
Buccafusco, 2001 Many studies support the notion that inconsistent upregulation caused by
chronic and repetitive stimulation of nAChRs is due to increases in the number of receptors as a
result of postranslational moditiations(Gentry and Lukas, 2002This idea is supported by a
study conducted in a human cell l i ne using ra
chronic nicotine exposure stabilizes the hajhnity state of the receptor bound neurotransmitter

and later shows increased bingliand respons@/allejo et al., 200b
Nicotinic modulation of synaptic plasticity and signaling

Long-term potentiation (LTP) is an activigependent heighterg of synaptic communication
induced by tetanic stimulation. It is widely accepted as a cellular model to investigate the
mechanisms of learning and memory mediated through synaptic plasticity. Induction and
maintenance of LTP requires release of glutanfadm the neurons, leading to activation of
postsynaptic NMDA receptors and Cantry into postsynaptic neurons (Bashirl991). Acute
nicotine exposure facilitates LTP induction by decreasing the firing threshold in hippocampal
CA1 regions(Fujii et al., 1999 Welsby et al., 2006 As expected, induced LTP caused by acute
nicotine treatment is prevented by nACHR blocker(Welsby et al., 2009 Chronic nicotine
treatment however has a completely different effect on LTP induction or maintenance. This
suggests that deserns#d nAChRs are involved in chrortieatmen{Fujii and Sumikawa, 2001
Generally, nicotine is considered to improve learning and memory in humans. A rechnt stu
reported thanicotine facilitates memory consolidation in perceptual lear(iBegr et al., 2013

A different study found thadcute nicotine treatmeenhhance working memory in rats using an
active avoidance tesfWhiteaker et al., 2000 It has been found that agonizing nAChRs,

especially the U4b2 and U7 subtypes in the v
13



nicotine, has an important role in the emt@ment of cognition and memofievin, 2002

Pocivavsek et al., 2006

The positive allosteric modulatdtNU-120596 was found to strongly reduce the threshold for
nicotinic enhancemerof LTP induction and maintenance when it was blocked by the selective
antagonisimethyllycaconitingMLA). This affect is believed to be mediated via @i nAChR
(Welsby et al., 2009 Mechanisms underlying nicotinic receptor mediated enhancement of LTP,
include activation of extracellular sigradgulated kinase (ERK), cAMBependent proteikinase
(PKA), and Src molecule$Welshy et al,. 2009a)in addition, t was reported that nicotinic
activation of the Cd-permeablea7 nAChRs fills ryhonoid CZ stores and release of Cay
high-frequency stimulation via Cainduced C¥ release (CICR)It further activates mGIuRs
inducing an additional component of L'Mhich augmentswith controled LTP (Welsby et al,
2006).It was later documented that Cinflux directly through nAChR channels or indirectly via
voltagegated C& channels is significant for nicotinic modulation of transmitter release, synaptic
plasicity, and many others biological functions such as neuronal viability, differentiation, and
migration.A growing body of evidenceasdicatesthat in specific NAChRubtypes, dowsstream
signaling on nicotine bindingeads to activation of several €alependent kinases, including
Phosphdnositol3-Kinase PI3K), Protein Kinase C (PKC), Protein Kinase A (PKA),
calmodulindependent protein kinase Il (CAM kinase Il), and extracellular sigmallated
kinases (ERK1/2), reviewed elsewhef@lbuquerque et al.,, 2009 Downstream from the
nicotinestimulated kinases, a number of transcription factors are activated. Among these is the

CAMP response element binding protein (CREB3kayama et al., 2001
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Prenatal expression of nAChRs

The developmental and distribution pattern of the neuronal acetyl cholinergic receptor system in
the growing brain of the fetus is helgvaffected by exposure to nicotine from smoking mothers

(Falk et al., 200R The expression patternsaib2 anda7 nAChR subunits are altered in aborted
fetuses ® smoking women. Detectiopatterns vary in gradients during various trimesters.
Expression of NnAChR mRNA develops during the first trimester beginning in the caudal region of

the CNS and further develdmg towards the rostral regiofHellstromLindahl et al., 1998
During the end of first tri mester, U4b2 nAChH
medulla. Henceforth, they become distinctively present in other parts of the brain such as cortex
and cerebellunfHellstromLindahl et al., 1998 During the second trimester of pregnancy, the
thalamus, hippocampus and basal ganglia begin to express this qétmudiiton et al., 1998

The pattern of expression is not the same fonafCh R subuni t s. For examp
not follow this trend. They appear first in the midbrain, and not in the spinal cord. Only at the end

of first tri mester, U7 nAChRs start expressi
forebrain and corte(Falk et al., 2002HellstromLindahl and Court, 20QMHellstromLindahl et

al., 1998. U4 and b2 nAChR mRNAGlliathespirmcprd vehaeresteeg a s
advance in a rostral fashion to reach the neocortex around(Fzll® et al., 2002 Studies
performed with radikigand binding assays exposed haffinity binding sites appearing in a

rostral to caudal fashion around GPQaeff et al., 199 Around G13 and G15
transcripts and binding sites are readily detgcin cortical and thalamic neuepithelium

(Broide et al., 1996 This is an example of early detection of these subunit specific protein
transcripts in rodenbr ai n. U3 and b4 tr anrgestationappgesadbuti s e t

decline in the later period to reach normal levels at {iimzerSerhan and Lsdie, 1997. In
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case of the U5 nAChR subunit, t hlerainiragionoandp or a t |
frontal to necortex in the middle part of gestational period of rodents around G13 to G15.
However, t he U5 subuni te ndosatalroiain afterablrth. yn the Yater e s s
gestational period, they are found expressed in the hippocampus and cortex but not elsewhere in
the brain(Zoli et al., 19%). Contrary to thisU 6 a nnd\ChRBR 3ubunit mRNAs, which are
expressed robustly in catecholamine neurons in adult brains, are rarely expressed in the
developing neonatal bra(dzam et al., 20070'Leary et al., 2008 This gives us a clear idea that

the developmental patterns of different subunits of the nAChRs vary in different parts of the
brain. There isalso temporal variation, with specific subunits expressed in varying concentrations

the fetus, giving way to the normal physiological receptor expression that we see in a newborn
(Wang et al., 1996 Thus, it is very important to point out that any abnormal exposure to natural
ligands, or other agonists, through a means such as maternal smoking can deleteriously affect the
expression pattern and population of theabtypes of nAChRs. Thine balance between the
subtypes, which is vital for normal brain function, cognitive growth and social behavior, can be
altered as a result of such exposure. As ment
very early in rat brain developmerGestation day 1§G13d mar ks t he fir st exnp
NAChR mRNA specifically in the cortical region, which is associated with memory formation.

The expression levels peak during the first week of postnatal development in the rodent. This
period is alsaelated to acute changes in neurogenesis and synaptogenesis in the brain. Hence,
this has direct correlations with memory forr
slightly different developmental planThere is widespread expression of these tecgp
throughout the brain during early devel opmen

detected in the cerebral cortex, hippocampus, and spinal cord regions of the growing fetal brain as
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early as the first trimester. Nicotine shows high affinity towardse b2 nAChR subtyp
exposure during this period of pregnancy is highly debilitating to these recepuaiexposure
to this particular ligand in the fetal brain due to maternal smoking desensitizes and downregulates

expression of the nascemceptors, ultimately leading to cognitive deficits in newborns.

Prenatal functional roles of nAChRs

NAChRs are expresseghrly by the first trimester in many brain areas and consequently are
present during critical phases of developménis believed hat NAChRs plays a fundamental

role during these critical phases of brain development and the formation of neural and sensory
circuits. The stimulation o7 nAChRs by ACh promotes the retraction of neurites by €atry

induction. Similarly, antagonisnminduces extension of neuritee.7 nAChRs also regulate
developmental apoptosifRecently it was reported thdl 7 n AChRs promote f o

glutamatergic synapses during developnfeozada et al., 2012

The release of acetylcholine from developing motor neurons generates spontaneous bursts of
activity that traverse the full length of the spinal cord. This cholinergic modulation is mediated
via a4b2 nAChR activéion and inhibitory glycinergic input. Similar bursts can be confined to
local circuits through noa4b2 nAChRs and GABA excitation. This coordinated mechanism is
critical to the development of neuronal paths linking motor neurons to their appropriats.ttrg

is also vital for the initiation of sensory circuitry.

During the early prenatal periodg4 and b4 nAChR subunit mRNAs have correlating
distributions in developing sensory structur@8b4 nAChR channels are capable of generating

burst firing pattens.
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Effects of prenatal nicotine exposure

The early expression of nAChRs in the fetal brain suggests an important role for this receptor
during development of the human nervous sysi€andy et al., 1985 This receptor is believed
to be involved in the regulation of neuronal growth, differentiation,synapse formation during

the development of the human brain.

Many studies have shown that acute nicotine treatment stimulates dopamine releaseeialthe f

rat forebrain thr ougAzamaet dl.i200@Neyeo et al.p 2008 Od then ACh R <
ot her hand, U7 ¢ o n(MaGehkes andgRole,t18p%a Téd e r ®12 e ansAeCh R
reported to modulate GABA releageéu et al., 1998 and U3 and b4 nACh
noradrenaline relsa (Wonnacott, 199)/ Chronic nicotine infusion alters the brain levels of
dopamine, norepinephrine and their metabolites during the late prenatal (@medcet al., 2004

Ribary and Lichtensteiger, 1989In the early postnatal period, prenatal nicotine exposure
elevates the levels of both dopamine amorepinephrine in the forebrain of rats. The
neurotransmitter levels return to normal by adulth@ibary and Lichtensteiger, 198®uring

prenatal development, nAChRs regulates catecholamine neuroissisTivhen dopaminergic

neurons start to innervate their targets, and they are necessary for cholinergic regAdatiomt

al., 2007 Jung and Bennett, 1996T he expr essi on of U4b2 nAChRs
takes place during the prenatal per{@ddam et al., 200)7 and serves to control the timing of
neurotransiitter release(Labarca et al., 2001 Mi ce | acking U4 or b2 n
maturational deficiencies, resulting in alteration of both presynaptic signafidgtransmitter
releaseg(Parish et al., 20Q05Many studies indicate that high levels of nAChRs are expressed in
adrenergic neurons during developméoeslie et al.,, 20020'Leary et al., 2008 leading to

further confirm the role of nAChR in regulating transmittdease in an embry@O'Leary and
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Leslie, 2006. Such findings indicate that nAChRs may also regulate the early development of
these neuronal pathways which playngficant roles in regulating arousal, maternal bonding, and
autonomic function during the prenatal per{dpéelson and Panksepp, 1998hus, it is expected

that prenatal nicotinexposure affects these circuits in offspring.

Prenatal nicotine exposure has been shown to decrease the total number of cells in the brain
during the fetal and early neonatal period, as well as increasing the expressiws.off kis
suggests a role afAChRs in promoting apoptos{®©nal et al., 2004Slotkin et al., 198) The
enzyme activity of ornithine decanxylase was increased by prenatal nicotine exposure,
indicating an abnormal switch from cellular proliferation to differentiation in the neonatal rat
brain (Navaro et al., 1989Slotkin et al., 198) Prenatal nicotine exposure appears to have-long
term significances in male rats. Prenatal nicotine exposure influenced the endocrine systems in
males by increasg corticosterone levels durirgl8 and inhibits testosterone production during

the prenatal hormonal surgeoq Ziegler et al., 1991Sarasin et al., 2003 Nicotine isalso
reported to affect neural sexual differentiation by reducing aromatase activity in théoptale

brain during developmer(Barbieri et al., 1986 In humans, the onset of puberty in males is
influenced by prenatal nicotine exposure, suggesting that prenatal nicotine ex@ssli® in

endocrine dysfunctio(Fried et al., 2001

Behavioral studies of prenatal nicotitreated rats reveal phenotypes consistent with alterations
in the dopamine system, with changes in both motor function and reResmhtal nicotine
exposure leads to changes in both spontaneous and ligand mediated motor réEpSageset
al., 2006 Paz et al., 20Q7In addition, levels of anxiety and depression are elevated, and memory

is impaired in rats exposed to prenatal nico(P@amesharan et al., 2012
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In order to cover the entire prenatal period, it is required to expose pregnant rodents with nicotine
for 28 days. Hence, an osmotic mpump was used for this studg deliver nicotine to the
pregnant dams. This method produces Igeaonstant blood levels of drug whictiecline
gradually as pregnancy progresses and the dam gains waiginitial infusion of 6 mg nicotine
base/kg/day produces maternal blood levels analogous to that resulting from moderate to heavy
smoking(Fewell et al., 2001Murrin et al., 198Y. This concentration is similar to that found in
adults who smoke approxim&te80 cigarettes per dayBenowitz et al., 1982 In addition this

delivery method minimizes stress to the dam from repeated drug administration and prevents

hypoxia which could result from spikes in blooidotine concentration.

To summarize, there is strong evidence from published literature demonstratingivextens
deleterious effects of prenatal nicotine exposure, consistent with an important developmental role
played by nAChRs. There is also considerable overlap between the findings of animal studies and
those of the clinical literature, indicating that nicetimay be an important neuroteratogen. Thus,

the results of these animal studies provide an important conceptual background for understanding
the mechanisms underlying clinical disorders in children born to mothers who smoke during

pregnancy.

The hippocampus

The hippocampubcated in the medial temporal lobe braggionis one of the most profoundly
studied regions of the brain. The reason behind this observation is that scientists and researchers
through decades of work have found this brain formatiobeédmpotant in storage of early
memory(Kerchner and Nicoll, 2008 Scientists have proven thatndage to the hippocampus in

human subjects results in anterograde amnesia. Another exciting characteristtbg of
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hippocampus is its comparatively simple cellular stratification and highly arrangetikéeaf
networking of its inputscapable of quickly preessing and storing a variety of unrelated events

and factgNeves et al., 2008

The four sukregions of the hippocampus are called the Cornus Ammonis or Horn of Ammonis
(CA): CA4, CA3, CA2 and CAl. The main sukgions with excitatory neurons in the

hippocampus are as follows:

A .Dentae gyrus Granule cells project to the nearby dendrites of @g&midalcells via axons

B. mossyfibers The CA3 neurons in this region project on ipsilateral CA1 pyramidal cells
passing within Schaffer Collateral pathways. The neurons in CA3 regidrefudceives input

the contralaterahippocampuspassed the commissural pathway frgvorris et al., 2006Neves

et al., 2008 (Figure 2). The hippocampus interacts functionally with the neocortex in order to
transfer older memories overtime out of the hippocampus and into the @ddwais et al., 200%
Neocortical input enters the hippocampus via the perforant pathway from layer Il of the
entorhinal cortex to the dentate gyrus. CA3 pyramidal cells receive a direct inpuafemnl
entorhinalcortex. Moreover, a direct input fromyier 1ll cells of the entorhinal cortex innervates

the CA1 pyramidal neurons (Morris et al., 2006; Neves et al., 2008).
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Figure 2.2: The hippocampahetwork: The hippocampus forms a principally -giivectional network, wit
input from theentorhinalcortex (EC) tlat forms connections wh thedentategyrus (DG) and CA3 pyramid
neurons via theerforantpathway (PP - split into lateral and medial). CA3 neurons also receive input
the DG via themossyfibres (MF). They send axons to CAl pyramidal cells via $heaffer collatera
pathway (SC), as well as to CALl cells in the contralateral hippocampus vasgbeiationalcommisura
(AC) pathway. CA1 neurons also receive inputs direct frompidorant pathway and send axons to 1
subiculum (Sb). These neurgria turn, send the ma hippocampal output back to the EC, forming a |
Adapted from MRC center for synaptic plasticity. Adapted fidepartment of Anatomy, School of Medi
Sciences, University Walk Bristolhttp://www.bristol.ac.uk/synaptic/receptors/.

The glutamatergic system

The major excitatory neurotransmitter in the hippocampus, as well as the entire CNS, is
glutamate. Glutamatpasses through the synaptic cleft after being released from the presynaptic
boutons of a neuron. It can activate both liggated ion channelsohotropicreceptor) ad G

protein coupledrfietabotropif receptors. The two major types of ionotropic glutamate receptors
ar e N MD A Ramin@3+hytrox5-methyt4-isoxazole propionic acid (AMPA) receptors
(AMPARSs). These receptors play important roles in synaptic plasticity such agelomg
potentiation (OP) and longerm depression (LTD) which represent the molecular and cellular
mechanisms by which memories are gener@#li and Malenka, 2008.ynch, 2004 Malenka,

1994
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AMPA Receptors

Activation of AMPARSs provides the majority of the inward current that causes the fast excitatory
synaptic response$he iorotropic glutamate receptocomposedf four to five subunits, each
containing four hydrophobic transmembrane regions within the central region of the amino acid
sequence. The second transmembrane region forms a reentrant loop resulting in an extracellular
N-terminus and an intracellular-@rminus, making them unique compared to the subunits of
most ionotropic receptorsAMPARSs are expressed agtramers composed of four subunits:
GluR1-4 (or GIURAD) (Braithwaite et al., 20Q0Citri and Malenka, 2008Jiang et al., 2006

Kinetics of the ion channel itselindthe localization of the receptoese directly influenced by

the subunit compositioPAMPA subunits GluR1, GluR3 and GIuR4 are homomehannels;

they are calcium permeable and inwardly rectifyilmgcontrast, homomeric GIuR2 channels are
impermeable tacalcium and have outwardly rectifying properties because tineergo RNA

editing such that the arginine (R) codon replaces the glutamine (Q) codon on residue 607
(Burnashev et al., 1992ollmann et al., 1991 Alternate splicing of the second extracellular
region is another structurblasisof A MPAR properties and is desi
(Sommer et al., 1990In GIuR2 and GIuR3, an arginine codon can be replaced by a glycine
codon to produce Aflipo and Afl op aesénsitiadtianr ms o
and resensitization propertiggigure3.2) (Braithwaite et al., 2000; Jiang et al., 2006).
addition, it has been suggested that the synaptic delivery of AMPARs is also governed by
subunitspecfic rules (Citri and Malenka, 2008 Derkach et al., 2007 GluRX-containing
AMPARSs are slowly incorporated misynapses under basal conditions. However, the insertion of
GluR1-containing AMPAR subunits into the postsynaptic density is strongly stimulated by

NMDAR activation. The incorporation of GluR2/3 heteromeric AMPARS occurs constitutively
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on a rapid time sda (Braithwaite et al., 2007; Citri and Malenka, 2008)addition, it has since
been found that AMPARS associate with a fpass transmembrane protein termed stargazin that
in turn directly interacts with postsynaptic dendity (PSD95) via a Gtermind PDZ-binding
domain(Bats et al., 2007Chen et al., 200 dnell et al., 2002 This transmembrane AMPAR
regulatory protein (TARP) plays a crucial role in the trafficking of AMPARSs to the surface of the
postsynaptic membrangiashimoto et al., 1999andenberghe et al., 2005Moreover, recent
studies reported that stargazin influences the functional properties of AMPARs by slowing the
rate of AMPAR deactivatin and desensitizatiaiMilstein et al., 2007Priel et al., 2005Tomita

et al., 2005 Turetsky et al., 2005 AMPARs are phosphorylated by calcitgalmodulin
dependent kinase Il (CaMKIl), protein kinase C (PKC) and protein kinase A (PK#gvatal
sitesalong the Germinal domair(Roche et al., 1996Phosphorylation on the PKC/CaMKII site
(serine 831), results in an increas their singlechannel conductance, whereas phosphorylation
on the PKAsensitive site (serine 845) increases the sinlgénel open probability of GluR1

containing AMPARYBoehm and Malinow, 200%ang et al., 2005
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Figure3.2: Structure of the AMPA. The subunit is used to illustrate the structural properties of the AMPA receptor
sulunits. The Nterminus is extracellular and-@rminus is intracellular. Splice variation occurs in the 'Flip/Flop'
region, giving two variants for each gene sequence. Heerfiinus contains binding regions for AP2, NSF and PDZ
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proteins such as PICK1 andR@. Department of Anatomy, School of Medical Sciences, University Walk Bristol
http://www.bristol.ac.uk/synaptic/receptors/.

NMDA Receptors

N-methytD-aspartate receptors (NMDARs) are ligagated voltagelependent glutamate
receptors. In contrast to AM¥Rs, NMDARSs require both presynaptic release of glutamate and
postsynaptic depolarization in order to produce a postsynaptic response. At negative membrane
potentials, NMDAR channels are blocked by extracellular magnesium. However, magnesium
dissociates tym its binding site on the NMDAR channels upon depolarization of the cell,
resulting in the influx of Nd, K* and C&" (Malenka, 1994; Lynch, 2004; Citri and Malenka,
2008) NMDARs are formed fronmeteromeric assemblies of NR1 (GIuN1, with 8 differenicspl
variants), NR2 (GIuN2A, GIuN2B, GIuN2C and GIuN2D) and NR3 (GIUN3A and GIuN3B)
subunits (Figure 4.2) (Cull-Candy a&ad Leszkiewicz, 2004Rebola et al., 2000 NR1 is the
essential subunit in heteromeric complefesrrest €al., 1994 Rebola et al., 20)Gand contains

the binding domain for the eagonist glycine(Banke and Traynid, 2003 Burnashev et al.,
1992a Monyer et al., 1992 NR2A and NR2B NMDARs subunits form either-litteromers
(NR1/NR2A or NR1/NR2B) or trhetaomers (NR1/NR2A/NR2B).The structural and
pharmacological properties of NR2 subunits differ and are important determinants of NMDAR

function(Lau and Zukin, 2007Rebola et al., 2020

The NR2A subunits are deactiedtmore quickly but have greater channel open probability than
the NR2B subunit¢Lau and Zukin, 2007Yashiro and Philpot, 2008However, the low open
probability of NR2B subunits is compensated by the slow deactivation of NR2B subunits; as a
result,more chage and more calcium per unit current are carried by NR2B subunits (Yashiro and

Philpot, 2008).
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The findings of several reports suggest that mutatidoced truncation of the PDZ binding site
where NR2Bcontaining receptors interact with SAP2 and PSED5 subunits causing complete
loss of NR2B receptors in the synaptic p@rria and Malinow, 2002Mohrmann efal., 2002

Prybylowski et al., 2005

NR2A and NR2B subunits possess RPBEAding motifs in their @erminal domain by which they
can interact with a family of synaptic scaffolding proteins knoasn membranassociated
guanylate kinase (MAGUK)NMDA receptors interact with PBBinding domain proteins,
whose synaptic localization is regulated by PEI(Li et al, 2003 Lim et al., 2003. NR2A-
containing receptors were predominat@resentin the synaptic poolWhereas,NR2B was
primarily locatedin the extrasynaptic podiCarmignoto and Vicini, 1992Kew et al., 1998
Khazipov et al., 1993.iu et al., 2004 Shi et al., 1997Tovar and Westbrook, 1999The reason
behind this was assumed to be that NR2A preferentiatids to PSEBS while NR2B bind to
SAP102(Barria and Malinow, 2002; Mohrmann et al., 2002; Prybylowski et al., 26&yever,

a study found that PSB5 and SAPL02 interact with NR2A and NR2B subunits at comparable

level (Yashiro and Philpot, 2008).
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Figure4.2: Structure of the NMDA receptor subunit, showing regions of splice variations. Adapted from Department
of Anatomy, School of Medical Sciences, University Walk Bristty://www.bristol.ac.uk/synaptic/receptors/.

Long-term potentiation

In 1949, Donald Hebb hypothesized that the process of information storage or memory requires
organization and activity of neurons (Hebb, 1949). Bliss and Lomo in 1973 conducted the first
experiment that proved the Hebbian model t€Btiss and GardneMedwin, 1973 Bliss and

Lomo, 1973. They reportedtrengthening of synaptic connections lastinghfours or even days
caused by repetitive activation of ex-teimtatory
potentiationdé (LTP). LTP i s adivitpdeperndentchdngesin f or m
synaptic efficacy that isn attractive céllar mechanism fotearning and memoryMalenka,

1994; Lynch, 2004; Citri and Malenka, 2008).

Like memories,LTP is composed of two phases: induction or early LTPLTE) and
maintenance or late LTP {LLTP), corresponding tshortterm and longerm memaoies. The
increase in postsynaptic calcium, following postsynaptic depolarization and NMDAR activation,
results in induction of NMDAdependent LTP in the CA1 region of the hippocam@adcium

calmodulindependent protein kinase Il (CaMKII) is activatedthy increased Gaconcentration
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in the dendritic spinéMalenka, 1994 Other signaling molecules are also implicated in triggering
LTP, including cAMRdependent proteikinase (PKA)(Esteban et al., 2003protein kinase C
(PKC) (Boehm and Malinow, 2005 extracellular signategulated kinase 1/2 (ERK 1/2) in the
mitogenactivated protein kinase (MAPK) casca(®um et al., 1999 phosphatidylinositol 3

kinase (PlZkinase)(Opazo et al., 2003and the tyrosine kinase Stdayashi and Huganir, 20D4

The expression of LTP at hippocampal CAl synapsesiediated byan activitydependent
increase in the number of AMPARSs within the postsynaptic deiBitgdt and Nicoll, 2003
Derkach et al.,, 20Q7Malinow and Malenka, 20Q2Song and Huganir, 2002During LTP,
AMPARSs are exocytosed at extrasynaptic sites, and then AMPARSs laterally diffuse in the plasma
membrane and are inserted within the postsynaptic density (Derkach et al., 2007; Citri and
Malenka, ®08). Extrasynaptic trafficking of AMPARSs is mediated by protein kinase A (PKA)
induced phosphorylation of ser 845 in the GluR1 AMPAR subunit. The subsequent insertion of
GluR1-containing AMPARSs into the synaptic sites during LTP requires phosphoryldtiser o

818 in GIuR1 AMPARs subunits by protein kinase C (PKC), a process mediated by
NMDARs/calciumdependenmechanismgCitri and Malenka, 2008erkach et al., 20Qdiang

et al., 2006 Wang et al., 2005 The maintenance phase of LTP is also termed as the protein
synthesisdependent phase. During the maintenance of LTP, a variety of proteins are synthesized,
including AMPAR subunits, transcriptional factors and cytoskeletal components involved in
morphological anatytoskeletareorganization of dendritic spinéSukazawa et al., 2003/1atus,

2000.
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3-Prenatal nicotine exposure andnechanism of memory deficits in offspring

Abstract

Maternal smoking during pregnancy has been reported as a strong risk factor for neurobehavioral
alteration in offspringA rodent model of prenatal nicotine exposure (PREN), where nicotine is
infused (6mgkg/day) via minipumps to pregnant dams, resulted in cognitive defi€igse, we
demonstrate that basal synaptic transmissionl@mgiterm potentiation(LTP) are decreased in

the Schaffer collateraCAl synapses of PREN animals. Moreowle amplitudeand frequency

of AMPAR-mediated spontaneous excitatory postsynaptic currents (SEPSCs) recorded from
PREN hippocampal slices were significantly reduced. The deficits in LTP and basal synaptic
transmission were accompanied by alterations in the functioreangg r e ssi on of syn:
nicotinic acetylcholine receptors (nAChRs). In additiorsimeunoprecipitation studies in rat

hi ppocampi revealed that U7/ b2 nAChRsLUT)p mpl ex
postsynaptic density proteBb (PSD95) and synapseassociated protei(SAP102). This

interaction was disrupted in PREN rats. Interestingig nicotinic receptor signaling CAMKII
ERK-CREB pathway is altered in PREMIso, we foundU 7b u t not b2- nAChE
immunoprecipitated with ERK1/2. Thedbk k a d e o f swith7.00 mM i@eihRlycaconitine

(MLA) in control animals impaired LTP. Furthermond/estern blots studies revealed that
expression oPSD95 and SAP102, which are involvedriegulatingthe organization of pre and
postsynaptic component$ nicotinic and glutamatergic synapseas significantly decreased in

PREN rodenthippocampi. Taken together, our study suggests d#ftarations in nAChRs
expression and function lead to modified glutamatergic transmission in the hippocampus resulting

in memory deficits in PREN rodents.
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1. Introduction

The use oftobacco during pregnancy expogée developing fetal brain tdhe psychoactive
compound nicotine. Accumulating evidence has demonstthé&deleterious effects of nicotine
in the offspring ikluding cognitive behavioral alterationRecentstudes from our laboratory
have demonstratethat prenatal nicotine exposure results in increased anxiety, depression and

cognitive deficits in rodent offspring®arameshwaran et al., 2012

Nicotine is a natural agonist of nicotinic acetylcholine receptors (nAChRs), which play a crucial
role during development and plasticity. Several lines of evidence lmaweg to a vital role of

brain nAChRs in cognitive functions; however, the underlying mechanism is not fully understood.
In the hippocampus, excitatory neurotransmission is mainly mediated by glutamate receptors.
However, hippocampal glutamatergic transsion itself is modulated by other neurotransmitter
systems. Specifically, presynaptic nAChRs have been rstioviacilitate release of glutamate.

|l ndeed, a pr e sniChRpediated inttdase anrglditantat2 release in hippocampal
CALl synapses is known to contribute to synaptic plast{Gy and Dani, 2005Ji et al., 2001
Activation of nAChRs promotes synaptic connecti@msl contacts inthe hippocampus during
critical periods of developmenfMaggi et al., 2008 cholinergic innervation commences
prenatally in the mammalian braiBergerSweeney and Hohmann, 199Prenatal nicotine
exposure (PREN) would interrupt the normal developmental onstteaficotinic cholinergic
system and its regulation of other neurotransmitter systems. In support, studies have reported
chronic @ministration of nicotine during development results in changes in nicotine binding in
the brain(Narayanan et al., 2003chwartz and Kellar, 198¥an de Kamp and Collins, 1994

Apart from these changes, prenatal nicotine is believed to causenakeweath and

morphological changes in specificaior regions includinghe hippocampugRoy et al., 1998
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Roy and Sabherwal, 199Roy and Sabherwal, 199BRoy et al., 200R which plays a critical role

in learning and memory. Our work has provided valuable insights into the mechanistic basis of
cognitive decline in &ses of prenatal nicotine exposure. Our laboratoryg pr@viously show that

PREN exposure leads to decreased AMPA receaptatiated synaptic transmission in the CAl
pyramidal neurons of the hippocampy¥aglenova et al., 2008 Moreover, longerm
potentiation (LTP), a welkstablished model of synaptic plasticity, decreased with concomitant
deficits in basal synaptic transmissi¢Rarameshwaran et al., 2011n contrast, nicotine
administration in adult rodents has been shown to promote LTP and memory. Therefore, nicotine
exposure during development has a Wemgjing effect on excitatory synaptic transmission and
synaptic plasticity in the hippocampus. Specific molecular mechangmwvhich nicotine exerts

its developmental effegwarrants further investigation in order to develop potential therapeutic
interventions for cognitive deficits. Epidemiological studiesesvabout 25% of pregnant
mothers are smokers in thenited Stated, leading tthousands of babies born annually to
smoking mothers. Currentlyhere are no therapies available to treat the deficits caused by PREN

exposure.

Desensitization is an importacharacteristic of NAChRscute exposure to nicotine may activate

a normal cholinergic response, but chronic exposure may inhibit the normal biological response
of ACh through desensitization. In general, nAChRs are slow to desensitize presence of
concentrations of agonist much lower than that required for activ@mmster et al., 1999Thus,
desensitization of brain nicotinic receptors can occur a&suatrof prolonged nicotine exposure
during smoking(Brody et al., 2006 Consistent with thiswe hypothesize thailterations in
NAChRs expression and function & to modified glutamatergic transmission in the

hippocampus resulting in memory deficits in PREN rodents.
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2. Materials and methods

Ani mal s andi ep&remgin@alts :Sprague Dawley ratrs wer

Laboratories (OWalpmpirmgt onat eMi) third day of pr e

(Al zet, Mo del 2004, Cupertino, CA) were | mpl @
the skin to deliver Ssubcutaneous dose of nic
aftemptshevepe delivered in orArirmalos rvweerta iltdu:
tempexcanaorell ed room withaactedsAntiamal oacdcr &nd
experiment al procedures were approvefd Ayburhre

University (I AQUYE®1pPr octhoecnoilcane wd&peripaur CEhbsed
MO)1,,-Ri physarlnoyy3iehosphochol i e p(i Alwsantnic.P-¢lAdrab a:

) nicotineSbgma {({Seéep. Loams, MO

Pr epiaomtof hi ppocampal Brlarswerasned hsiypnpaopcd aonspoanie
were prepared &@Pardaenecrhiwae dv neneertlhiagsrome2moddi f i c a
hi ppocampal ssleccteiso nieedr ewbcerloesosl d cutting buffer
NacCl , 2.5 KCIO. haCa@g2Bs@Na 25 pHNaHCO gl ucose, 75
ascorbate, and 2 kynurenic acilfds %O laen ds dlhet ipdn
made upto toe 7idculbdtiedesf omerone hour in art.
containing (in mM): 1349 2N&Cla,GPNaa. Hb2 6K ChlegrHACLQ13 Mg
dextrose. The solutiop 5%8&s Syrudmptl esdo meist hwed %
previousd yodesoni pSupapli.r,anmadn9i7am en a&hi ch20606&
were takkBomogéniandd in homogenization buffer

a Potter homBgehszobuffE&€hecmnsi sted of 118.5 n

MgS:0 2.5 mM 1Cal@I,PM K#H. 9 mdM NOHOGM™ dextrose an
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adenosine deaminase. The homogenate was filt
filter hodol der aatlt xachda uberculin syringe, foll c
nylon filters (Tetko, 100 Om pore size) and f
pH was adjusted to 4. A%GDPd bwdbd&| sagp wé hédm b &lOw

| eupeptin, 0.005 mg/ ml pepstatin A, 0.10 mg/

proteolysis. The filtrate was then | oaded int
prveetted 5 Om Millipore rniiftugecd |giftolrb 81850 frkilnt eir
microcentrifuge at 4AC. The supeombBbaiamitngiagel|

resuspended in 20 Ol of mKRBS buffer.

Slice elecBraphysl otegyar e ;alnecatbrad pphdyestiooa lda gaigcs:
wer e perfor med i n recordings chambers cont
95 %G ®d %O Field excitatory postsynaptic pot
coll ater alUAlo meny nsaspusreas bywersée i smbt at hed CAH str a
bi pol ar eltdet redceowgs damd gl ass e(BBcigWw odedwpbkate
approximately 200 Om from the stimulating ele
every 20 s. For stimulus response20@A viers,stcap:
of 25 OA. For paidedThudxmeerriamae mt ,PPRYr raennt i
ma x i mal fEPSP and inte%uls®, ihdert@ads wWkOeal
experi ments. | nafLiTePmieaxHefr i me mtbd e baheelai nbeur s
sti muwer e odhhhdTBS protocol involved 5 trains of 10 bursts of 4 pulses at 100 HZ

with aninterburst intervabf 200 msecL TP was @m@énasumpedt TBS.

Who-t el | patch cAfatmpr rtec@r2imgesrs i ncubation pe

a reaqar dc peembbeurs ed svolt ht IACCISFs at ux & $ealtOwa t ha t9é %
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2ml / mi n. Il ndi vi dual Vi ppadey@ingdp uss| BXB E Wiweme c
(Ol ympusRelktOA)di.ngs from CA1l pyramadaeh pigpeonss
Mgq)pull ed from borosilicate glass capillaries
|l nstrument s, Sar axmd0a,PWwL)eron( Sau tSuetrt elrn s r u me |
with a solution conglhuoomagt ,i nE@GVINEPRR,2 KE.I
MgCl 2, 2.0 NaR4ATP, 283 RAX3LGTPL3IHZ2O0. KGOk pH v
and the osmol ar2i9t00Osmmadd eset Tbpor o@nfiefdanravtee dG r es p o
GTP was added to the pipettesuspoplluyt i @emeragnyd fA
intracel lul ar phosphorylation reactiomsasand
added to "eurmiemase MKe obt ai nyedaptpil gyhitn gs enselg adn \
(O@Gg before breakiend iomtdeywhdaled Wh-uebbampgeéechni o
AMPA r emegpitatred quant al events (sEPSCs) were i
the presence amfd 3® QOOM iARed unceut h iAod iAdkeo p @B Mih) .2 0
amplifier (Axon I nstrument s, | td a MpFF/d0s tnevr) Ci t
neur@©ursrent ouppes Wwabtéoewd (2 kHz) and sampl
continuous!l ¥ imM@hampfed ®&nSoftware, Axon Il nstr
a Digidata 1200 di giBtaiszéi neéAxsE®PSCnatct u me ntys )w
neuron fomi @ds$i hgatAneal Fisnis program (Synaptosof
eve®4 pA with a faster rise than decay were o
decay kinetics were measured using a single e

st udteendt . Results are presented as mean N SEM.
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Si ngha&annerlopdlysdtonlcogpor ati on of NAChRs from ¢
artificial i pid bi l-diyed smemalso c.arirn eldr ioauft, uas i
formed at the tip of V& .pollhieshhed idlivaedrse!| ppipdeaptstpeds
by di ssealivwihwygaldo3k3hosphocholine in hexane (4
Mi | waukee, WI ) t o get a concenimMatofon symt hle
phospholipids weme ode lbiavtehr esdgliunt2i®o ndMcOoNmatCali,n i5

1.25 mM NaH2PO4, and 5 mM Tris HCI. The pipet
NacCl , 2 mM NaHCO3, 1 mM MgCIl 2, -NMoX pmiM i @QaC
propanesul fonic acid ( MOPS) (pH adjtusatteed tboy
consecutive transfer of monol ayers onto the t
an Oomutsd déashion. Af ter forGnmngsuaspsehabba 0
synaptosomes was delivered to the ECF. After

andPNU20596(1v&OM)age was agmlaineaed|t aceliakeeglsi §
currents were digitdzed &at gk HNMIMeainec wWliagr tDe
pCl ampsoftware (Mol ecul ar Devi ces) and saved
exhibiting longhannetclcesreht stingheition with

for quantisatiThe aoalgsat ampl it uTdhee hstibnagol gee A ms

open probability was calcul atmpd i ftudm h-het agre
transformed dwel |l time count histogramsngver e
met hod to identify distinct open and cl ose ti
Western blHdtp porcalmpsils:cel | | ysat ePsA Gite raen ds ebf aort ¢

to PVDF membr a-BRps M( )] mmpémboanesd wearteh-f I&lt% ahkoyn

mi | KTBiSn (0. Onl %2 ONwefeor 1 h and -Ut7hA@hR ncu:bha e,
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Signaling TebcthAM®H o(gly:)L, 00t iCel | pCGAMKIGCREBRB, Tect
pERK1/2 (1:500, Santa Cruz B99Dtesymapogpyphy Siam
and -baarcttiin (1:1000; Cel | Signaling Technol ogy
were then probed wiatbhhi ¢ or(rlesspPOOdi n@eldnt3i gnal
mouse (1:5000; Cel)l h®irgrealaidacg ImT guoghantioel dodgsye & o d i e
for 1 h. I't was then devel opedSiugn ailg Wenshta nFceendt
reagent, Pi)er cAIl |Biommemor eacti ve bands wer e
densitometric anal yses usi-Ra@d. Qulahnet idteyn sli ta reasl
representing individubdctainn mandé twheer oaompnal e &
for both control and tr eaast ede agnr oNp SEMDaGagnis
deter mi nedt anisli ey t-ae & vont 6 s

Cei mmunopreci piTtistsiuers swvteu ki hoomogeni zed as des:
al ., 20cddl)d imelilcel ysis buffer (Cell Signaling,
protease inhibitor cocltdaiflor TI/Bbe méegmuntdae it SAtGy etrG
remove cellular debris, and the protein conte
protein assay (PAACh®sh Bo@kRso rwer e L)mmunopr ec
antmMAChR abhth ACmtRi andri bmdg@&Bnvitrogen)as a ne.
preconjugabéedi wi AhG PLUS agarose (Santa Cruz
USA) as described above. To examine interact.
the hippocampi h d md ge nvaetrees ,t hWens tpeerrnf or med usi n
anvVGLUT (1:1000; -ERIKLV 2po(rle:)1,008ntiCel | Signal
SAP102 (Cell Signal i nRSB2chbnl1009; 1MREBBBPOr @)n

(Cel |l Si gnalgiyn gl : TLeOcOhON) o. The blots w&i@dedsantppe
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bantibodies (Cell Signaling Technology 1:1000
ERK1/ 2, SAP192 pndt ePiSDs wer e I mmViGh WJTec iamittia
ERK1ARPAPLO2 &nSA S5ananti bodilgss ¢id nwmousegen) a s
contprroelc,conj ugatoeaci wi AM G PLUS agarose (Santa C
Cruz, CA, USA) as described above.-UzaMeanthzir n bl

antibodi es.

Drug application and AMPARs sEE®SE wercer drienc
continuously, without wutilizing a sodium chan
applications-misomuttehapeakepernilecotde otlets&dft@@€d. cMNiu
PNUl2d5hdaucedss&WwWISEB1I ® of application and reac
anegl, depending on the drug used. To avoid de
thams 4483 a timeicdatfti oangsowe me daepspebnes iotreipzeeadt e dwa &
applied at a dtows ltomtc epfearmad d oo most @ fmelhlacmwedd5 b
prol onged wwisthhoufA@bBtRiinmemmn)30deter mined to al |l c
resp.onGnecpee atkheperi od was noted for a specific
was wused for al/l neur onal cell s. For anal ysi
estimated by single exponenti ale ¢fasotvdd anfght t i n
Picro@.dsMi)n was aSpmpIni e fbdorotc k-h@ép@hoent transmit

before applsQMng IROE®ME) nan @1 OMIMA . (

El ectrochemical detection ofamhinppaudgmp al agli d
leveArsiimals were sacrificed by cervical di sl oc
prevemyt diurnal variations of the endogenous
mol ecul es. For the analysis of céeedotorudn sfrmiotmn
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treabednal sl i cceosl,d rnionrsneadl isnaliicneef, r eaen df ibll toert e
The hippocampal sections were weighed and hc
homogeni zation buffer ( 0Odilhw daiotgreinc pawisp,hadel
5.6mM octane sulfonic acid, 10 Om EDTA in 10
NAOH). After homogenization, samples A@mrdce cen

the supernatA@mnt s tHPML & o adta | iy&S0 s .

Measur ement of g lAunti amateciamd WEGARA esti mat ed
el ectrochemistry detectiCbar ke deseaBriibeef@OyBy tle
utilizes t he Clhémi gl mapyopamitnes t 0-2 r3eact
di carboxal dehyde ( NDA) i n t hey apnroebseennzooed o bé € €
derivatives t hat can be detected by ei ther
deriviti zatdiaornd so fanbdo tth ssstueen sampl es, 20 ulL of

HPLC system.

The derivitization of GABA and glutamate was
et al. (2007) with 30@eeofmoeditfhieoa tsid@amgllae Blis ium feir
90l eof borate buffederoflOpdt aMs sipiHm 9c ¥lgno fAdeONDPA O( 6
mM) were added to a single reaction tube, vor
at ambi ent temper at gl2®d ciord the aksewvaei ok Wwa
appropriate HPLC system. The compodi umohydf og
ort hophoevp lEDITA/ 3@ H 5. 6, 1 M OPA) and HPLC gra

phase was f Ol d4mrfeidl ttenrrsougmd vacuum degassed p
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el ut

ed isocratically over a 30 min runti me at

standard solution containing glutamate gand GA

sampl e IiReseuclttisonasr e presented as pmol / mg ti ssu

St at
expr
chec
test
di ff
per f
hoc

cons

I stic@tlatamnaliycssi swas PBertsoimewaruesi agd thes
esseNMSE.s Qmoelaunmn statistics weftSemirrwnm va ltoersg
k heonor mal di stribution of the data. Expe
was suwgyecANMAOVA,o foonlel owed by Tukey test
erent treatment gr ouppar &matlriliwal Krhses knaos tme
ormed on the experimental data set, -which
analysis to test for statistical signific

ideredpsG.gW5.fi cant at
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3. Results
3.1 Prenatal nicotine exposure alters the nicotinic receptors expression

We examined the effect of prenatal nicotine exposure on protein levels of nicotinic receptors
usingWestern blot analysis. A reduction in nicotinic receptor expvassivas found in prenatal
hippocampaklices exposed to nicotine (6g/Kg) as compared to an equivalent volume of the
vehice As shown in (Fig.1 (102.0 N 1.518, for
a n d-nACHRs respectively in PREN, *p< 0.0001 ** p< 0.001)suggesting ~40% decreased

expression of U7 anh@hRsi2PREN ratdigpocarhpi (Bigr1).i n b 2

3.2 Prenatal nicotine exposure results in diminished LTP and basal synaptic transmission

in rodent hippocampus

3.2.1Failure to rescuebasal synaptic transmission and LTP in PREN acut@ippocampal

slices after nicotinic receptor modulation:
3.21.1LTP

Long-term potentiation (LTP) of hippocampal synaptic efficacy has been considered as a
cellular correlate of synaptic model efdrning and memorye studied LTP ir5C synapses

in saline and nicotineexposed roderttippocampahcute slices by inducingTP with theta

burst stimulation (TBS)The TBS protocol involved 5 trains of 10 bursts of 4 pulses at 100
HZ, with aninterburstinterval of 200 msec. TB®as beeffiound to be the most effective and

the most physiologically relevaniethodas it induces the normal discharge characteristic of
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hippocampal neuron@&lbensi et al., 2001/ A oneway repeatedneasures ANOVA showed

that LTP was significantly impaired in six of six slickst wereprenatal nicotineexposed

(Fig. 3 A and B, ;p< 0.001; n= 6 slices from 6 animals) with an averabd02.5% =+
1.197%, compared with control slices (prenatal saline exposed) in which LTP was induced
and stably maintained in six of six slices with an average of 147.24% + 2.63% in saline
control slices LTP increasedwith the addition of5uM nicotinein saline-exposed sliceso

an average of 161.8% = 4.437%, and further incrédasgéth the addition of 1 pM
PNU120596 a U 7 in ¢éhgpoesence of,nicotintd an average of 197.34% 6.643%

The increase was less prevalentthe presence ob-iodo-A, a b2 (awemgemoi st
177.64% 5.388%. These increases weftgtherdiminished by adding MLA (100nMp an
avemge of 118.6% N 1.583%. These findings
acetylcholine receptors is crucial to persistently enhance hippocampal synaptic transmission.
LTP impairment among PREN groupsswureversible, as fEPSPs slope was not recad¢o

a potentiated level after nicotine and/or PNU120596 addi{®mminutes before TBS
delivery) as compare to salinecontrol slices (Fig3 B; 125.2% + 2.368%; 120.31% =
2.373% respectively n= 6 slices from 6 animal$)ese data suggested that prahatcotine
exposure is associated with impaired synaptic plasticity due toatedites in nicotinic

receptors.
3.2.1.2 Input/output curves

To test the deficits in synaptic function in prenatal nicotine exposed rodents, we studied the
inputoutput relatioship of Schaffer collateralAl synapses in response to single electrical
stimuli. After placement of stimulating and recording electrodes in the @4ibn of a

stratum radiatum hippocampal slicthe stimulus strengttwas reduceduntil no field
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excitatoy postsynaptic potential (fEPSP) was induced. The stimulus was then increased in
increments, with six responses collected and averaged at each increment. Data were averaged
across all rodents in each group (saliaed nicotineexposed) to construct inpautput
curves(Fig. 4A). There were ncsignificant differences among PREN group hippocampal
slices compared to salirexposed groups in this measure. However, there were significant
differences observed among the saline exposed roden&(®x The redation observed in
input-output curves for PREN fEPSPs couébult from a number gfossiblereasons, such

as differences in synaptic density of nicotinic receptors or altered strength of individual
synapses within the population. A lack of difference agnBREN group slices indicates that
PREN have reduced densg of nicotinic receptors in the synapses within the stratum
radiatum of CAl and that, as a population, these synapses are equally functional in response
to single stimuli. Thus, there apps&r be no differences in synaptic organization or baseline

function among the PREN groups.

To investigate the mechanisms underlying the excitatory effect argtrérggth of synaptic
transmission seen in the saliegposed rodentsve measured the size of theesynaptic fiber

volley, a small deflection of the field response that precedes the postsynaptic potential and
correlates with the number of presynaptic afferents activated by the stimulation pulse at
different input current intensitiesigure. 4B showst h a t perfusi on)inof ni ¢
saline exposed rats resulted in an increase in the EPSP slope of the presynaptic fiber volley
across different stimulation intensities compared with salorerol ( = 6 slicesp < 0.001;

Fig4B). Appl i cat i BNU120596 irlthegpidsence of nicotine further enhances the
presynaptic fiber volley slopa & 6 slicesp < 0.001,Fig.4B). Application of 100 nM MLA

reducel the presynaptidiber volley slopejndicating that the conversion of the presynaptic
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stimulus ino axonal depolarization was affected by nicotine/@nBNU120596 treatment.

No changes were shown in the EPSP slope of the presynaptic fiber volley from the
hippocampi of prenatally nicotirexposed group in presence of nicotine and/or PNU120596
(p > 0.05), suggesting that the numbers of active afferent s:apareduced by nicotine

exposure during prenatal development (FiglBg

3.2.1.3 Paired pulse facilitation (PPF)

Changes in the ratio of amplitudes of first and second potemtielgenerally accégd as
representinga modificationto the presynaptic component tie synapsgChen et al., 1996
Commins etl., 1998 Gottschalk et al., 1998To investigatewhetherthe decrease in fEPSP
slope in PREN slices was due to altered probability of glutamate release, we measured PPF
across a range of intstimulus intervas. PPF is a presynaptishortlasting form of synaptic
plasticity where two stimuli are delivered to synapses in rapid successionjngesult
augmentation in synaptic responsethe second stimulus relative to the first stimulus. This
phenomenon is likely mediated by additional neurotransmitter release during the second
stimulation caused by residual calcium left over after the first action potéwtialand
Saggau, 1994Zucker and Regehr, 2002The probability of release is inversely related to
pairedpulse ratio, if PREN decreases EPSC amplitude through presynaptic alteration of
nicotinic re@ptors expressigorhenanincreased pairegulse ratiois expectedn the PREN

slices Alteration of EPSC amplitude in prenatal nicotepo®dslices was accompanied by

an increased pairgoulse ratio (EPSC2/EPSC1 from 1.01+0.05 to 1.25+M26; p=0.019;

paired t-test) compared to salirexposed slices (FigC), suggesting that PREN reduced

probability of glutamate releask salineexposed slicegairedpulse facilitation of fEPSCs
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monitored in CA1l pyramidal neurons was significantly depressed aftatment with
nicotine andbr PNU120596, 5odo-A, indicating that the nicotinic modulator effect on
synaptic transmission is actually due to an increase in glutamate release from presynaptic
terminals.The fEPSP slop@/slopel ratio observed in contr®?REN slices did not differ
significantly from the PREMicotine treated slices at any intmulus interval (ISI)
examined(Fig. 4.C; p> 0.05; n= 6 slices from 6 animals), indicating that PREN altered the
presynaptic release due #iteration of presymaic nicotinic receptorsAs PNU120596
induced higher enhancement of EPSC amplitude thaimndo-A, a-nA®h2agonist in
salineexposed control sliceare associated with more decrease in the pagmaéde ratio
(EPSC2/EPSC1 from 1.03+0.05 to 0.91+0.0%:6;; p=0.03; pairedt-test Fig.4C).
Altogether,these data suggest that subunits are theain components of nAChRs located

on glutamatergic presynapticeuronin hippocampal Schaffer collater@Al synapses. In
support, it was reported thptr esynapti ¢ U7 nACh receptors o
are involved in excitatory synaptic transmissibrough glutamateeleasgGray et al., 1996
Wonnacott, 1997 Wonnacott et al., 2006 These observations raise the possibility that
altered expression and function of NAChRs may have contributed to the observed deficits in

glutamatergic synaptic transmission and plasticity.

3.3 Impairments in AMPAR-sEPSCsin prenatal nicotine exposed rodents

Most of the excitatory neurotransmission in the hippocampus is mediated by AMPARS. As per
our previous report, the basic properties of AMPA&Rdiated EPSCs of the CA1 pyramidal
neurons of the hippocampus are altereBREN (Parameshwaran et al., 2012). It was reported
that activation of nAChRs regulates the downstream turnovéneoAMPAR GIuR1 subunit

(Rezvani et al., 20Q7 Therefore, in order to test whether alterations in AMRA&liated
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currents contribute to the LTP deficits as aresui @ c r e a s e d -nAChRsaxptession U 7
and/or function contributed to the postsynaptic defigiiservedn PREN roderg, we recorded
SEPSCs that occur without inhibition of the Nzhannels. The AMPAnediated SEPSCs were
recorded in the presence of NMDABRocker (APV 50 um) and GABA blockempicrotoxin
0.5uM). We analyzed the action potentiatlependent, spontaneous neurotransmitter release
elicited AMPA receptoimediated SEPSCs inippocampal Schaffer collater@lAl synapses
Nicotinic receptor stimulain, either with nicotine alone or with PN@0596in salineexposed
control animals, was found to induce a characteristic increase in AMPA recepdmated
SEPSCs, as shown iRigure 5A Spontaneous EPSC frequency and current amplitude was
significantly ncreased by nicotine (V) (5.2 £0.439, 54.587+ 2.9 pA)with further larger
increases in the presence of PNA0596 (1 uM) (7.171640.25, 78.548+4.29 pAand was
reduced by MLA (100 nM) (1.6(D.594, 17.278+2.66) compared with saloentrol
(4.697+£0.207548.268+1.4 pA) respectivelyrhe decay phase of the SEPSCs was best fitted
with two time constants and tlecay times were enhanced in saloatrol slicesperfused
withni cotine and/12 PNUNL2050629 0 31=32863.I38, 0. 49
14.7143N0.4493 ms) respectively9. 488 Ng0us88d:
6.45 N 1.647) compgpardd 5116 ¢NA20MEIZARI32mss (Figwdess U
F; p < 0.05; n= 6). A rapid desensitization was observed during the application of higher
concentrations of nicotine (ABM). Levels of nicotine (uM) and PNW20596(1 uM) that gave
consisterly large increases in SEPSCs and manageableontisimes were chosen for further
experiments to characterize the mechanism and nAChR subunits invohesg results suggest
hippocampal glutamatergic transmission itself is modulated prel postsynapticalyby

cholinergicnicotinic receptors.
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In contrast, our results indicate that the mean current amplitude of AMSEERSCs was
significantly reduced from 48.26 + 1.38 pA in prenatal sadinposed rodents (control) to
33.330 + 0.1837 pA iPRENrodents(Fig. 5; p < 0.01; n=5). Next, we examined the eftt of
nicotine anéor PNU1205960n alteredAMPAR-sEPSCs ilrPREN hippocampal slices. Our data
showed thatno significant changes in mean current amplitude of AMPBARSCsexisted
among the PREN groups ieontrol PREN slice33.330 + 0.1837 pA), PREN sligavith
nicotineperfused35.342+ 0.342 pA) or in the presence ¢{NU120596(34.654 + 0.5554 pA)
(Fig. 5 p > 0.05; n = 5). In addition, the frequency of AMPAREPSCs inPREN was
significantly differentfrom that insalineexposed rodents (control). Tirequency of AMPAR
SEPSCs wsnot changed among the PREN groyesfusedwith nicotine anébr PNU120596
(3.820 = 0.1281, 3.93+0.124 respectively), compared with control (3.6993 + 0.1246%;(Fig
p>0.05; n=5. These sEPSCs for PREN in the presence atime andor PNU120596 showed
respective decay times &f = 6.364+ 1.24,(3 = 12.77+ 1.326, and] = 7.364+0 . 585, U
13.05+ 0.91ms, whichdid not differ significantly fromthe decay times of PREN baseline
SEPSCHU = 6.515+ 0.7334 and3} = 11.77+ 0.7361ms respectively. This could be due to

changes in the kinetics dhe nicotinicchannel closure or increased receptor desensitization.

Our data showed thah PREN, neither nicotine ror PNU120596 affeced the deficits in
frequency of AMPARSEPXs to any significant exterithese results suggest that postsynaptic
expression/function of nicotinic receptors as well as the presynaptic glutamate release were both

impaired inPRENTrats.

The reduction of EPSC amplitude obsern@dPRENcould beinterpret by a presynaptic effect
on glutamate release, a postsynagptierationof the AMPA receptorsgchangen the properties

of nicotinic receptors, or a combination of theBeerefore we measured the pairgullse ratio,
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whose alterationsare considered taeflect changes irpresynaptictransmitter release (see

previous section).
3.4.Effects of PREN onsingle-channel properties of synaptosomal nicotinic receptor

Alterations in sgle-channel activity could result in alterations in overall synaptic currants

LTP (Ambrosingerson and Lynch, 1998Benke et al., 1998Parameshwaran et al., 2007
Wijayawardhane et al., 20Pp80ur previous study results shedthat channel open probability
(Po) of synaptic AMPA receptsrin nicotineexposed rs was reduced compared to contol
(Parameshwaran et al., 2012Z)hese experiments were designed to determine whether the
decrease in amplitude and frequency of AMRAEPSCs in PREN slices due to modified
single-channel properties of synaptic nicotinieceptorsWe analyzed synaptic nicotinic receptor
single-channel currents from synaptosomes reconstituted in lipid bilayers. Results show that the
nicotinic channel open probability (Po) in nicotiegposed rats &s reducedin presence of
nicotine(Po=5 . 2 3 % )Ntoniparedl ¥xontrols (Po =2 2 . 1 5 % ; Rgureé 6, 4%p <
0.001). Theconductance of nicotinic channels was drastically reduced from 60 Ps in control to
10.83 Ps in PREN synaptosomEsrthermore, analyses of dwell times revealed oprast ()

were reducedand close times were increasdd) (n nicotineexposed ratsThe histograms of
channel operand close dwell times were fitted with 2 exponentialsh®Marquart least squase
methods(Fig.6). The open dwell time data showed slerbpen times in PREKFig. 6; PRENL

(J 03 6M4m72 Bs » 2.807N10 2mB controt 1 0F 168N ® 376s , 8204 N 63 s p<0.05;
n=10), and longer close timefc ont r, 01130 2 NGns1 2 GUBI 0 .mx§ PREN:
2. 209 M8 . 439187 KN 7 mp=0.001; n=10). PNU-120596 induce the opening

probability of U T contPolGmithRut praducingeslyrficantechasges in ion
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channel properties, single channel conductdRrag 6). Theseresults suggest that alterations in

single-channel propertiesnay play a role in deficient mMEPSCs and LTP in nice@rposed rats.
3.5 Effects ofnicotinic receptor activation onexpression of AMPARS

Alteration in the expression of synaptic Glurl AMPAR subunits could also contribute to the
impairment in synaptic tresmission and plasticity, as a rexfialteration in nAChR expression
(Rezvani et al.,, 2007)Therefore, we performedlVesternblot experiments to quantify the
protein expression levels of the most abundantly expressed AMPARs s@juRitL. We found
thatthe protein level of GIuR1, was decrease®REN hippocampal slices and enhanced after
nicotinic receptor activation compared to salgmatrol (Figure 5A, 100.0 £ 3.208 for controls,
48.11 + 3.604 foPREN and120.0 = 2.208 after nicotinic receptor igation; ** p < 0.001 and

*p < 0.05respectively, rF 6; fig.5G).

3.6 Effect of PREN on the expression of synaptic proteirend nicotinic receptor signalling

in whole hippocamml lysate

Certain synaptic proteins regulate presynaptic glutamate releadeding synaptophysinand

thuscana havea significant roleon regulation of synaptic transmission and plasti(itjllany

and Lynch, 1998 PSO®5 and 6&84PetLbEer tsupppopeteptocsnt SgFRAPESE
nicotinic synapse f érSmaatnido nSAPIN0t2e raetstli ehagdty, p @
each other in s upWedourdithatdevelsfisgnaptophysin c(Figura fu<t .

0.05, n =5), SAP102 (Figur&; p~ < 0.0L, n = 5), and PSB5 (Figure7; p_ < 0.01, n = 5) were
decreased in the hippocampus of the prenatal nicotine group. These results suggest that prenatal
nicotine exposure alters the levels of-paad postsynaptic proteins the hippocampus, which

may have caused the alteration in synaptic function and receptor expréssadition, we
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found that levels of CAMKII (Fig. 7; p<0.01, n = 5), pERK (Fig. 7*p <0.01, n = 5), and
pCREB (Fig. 7;** p<0.01, n = 5) were decrsad in the hippocampus of the prenatal nicotine
group. These results suggest that prenatal nicotine exposure results in reduced expression of
nicotinic receptors signaling proteins in the hippocampus, which may have caused the

deficiencies in synaptic plasity and transmission.

3.7 Nicotinic receptoss interact with PSD-95 and SAP102 scaffolding proteins

Since PREN impaired the expressionR$D-95 and SAP102 proteins, we hypothesized that
nicotinic receptas may physically interact with these proteinglaiter their cellular trafficking.

To determingf nicotinic receptors complex with these scaffolding proteins, we conducted co
immunoprecipitation experiments using homogenates from the hippocatdptig nd - b 2
NAChRs antibodiesvere sufficient to immunagecipitate PSEBS and SAP 102 proteir{sigure

8, n=6). To further examine these interactions;lecstudies were performed using RSB and
SAP102 antibodies. These antibodies were sufficient to immunoprecipitgéen d -nACBRs

(Figure 8, n = 6)

3.8 Effects of PREN on nicotinic interactions with PSD-95 and SAP102 scaffolding

proteins

In order to determine whether PREN could impair the interaction of nicotinic reseptbr
PSD95 and SAP 102 and thereby impair their membrane localization andkiragfiNeff et
al., 2009, we performed cdP experiments in control and in PREN hippocampi by usirigy
antibody. We found a significant decrease in thenomunoprecipitated protein levels of SAP
102 and PSBD5 proteins from PREN slices compared to conffag). 9,100.0 + 6.437 and
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100.0 + 4.783 for controls67.123 £ 6.521 and 65.432 + 4.418 fBREN hippocampal

homogenateq) < 0.05 andp < 0.05 respectively, = 6).

3.9 PREN altess the neurochemical levels of glutamate and GABA

Glutamate and GABA are two predominant neurotransmitters that regulate excitatory and
inhibitory neurotransmission ithe brain, respectivelyNi c ot i ni ¢ nd@hbréteptara d U7
are also abundantly expressed on GABAergic interneurons in the hippocampus and mediate
inhibition and disinhibition of hippocampal neuronstworks (Alkondon and Albuquerque,

2002. The used concentrations of (5uM)cotine and/or(1uM) PNU120596in this study
therefore, might enhance excitation in pyramidal neurons due to disinhibition in association with
a decrease in GABArelease. To confirm that the used concentrations do not produce
disinhibition of hippocampal neurongjutamateand GABA levels weredetermined in the
homogenized lysate from the hippocampal region of the brain tissue. In nicotine and/or
PNU120596treated slices (salineexposed) group, there ene significant increase in the
glutamate levels compared to control slices (salexposedgroup Eig. 10, Control (18.13 £

1.612) ; nicotine treated slices (24.53 + 1.166); and P20396in presence of nicotinedated

slices (28.79 = 0.151 p<0.05, n=B)n the other hand, there was no significant change in GABA
levels in nicotine and/or PNU120596 treated slices compared to control group (figure 2b,
Control (4.302+0.274% nicotine treated slices (3.969 + 0.458&nd PNW20596 in the
presence of nicotine treated slices (4.546 + 0.5117 p >0.05, Tik&ge data confirm that these
concentrations did not induce excitation of hippocampal interneuTdreslevels ofglutamate

and GABA were changed in PREN compared totad salineexposed group (figure B

Control (18.13+ 1.612 for glutamate; 4.302+0.2746 for GABA) and PREN (10.09 + 0.1435 for
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glutamate; 2.592+0.3217 for GABA n=5). Theeurotransmitter levels were measured as

pmol/mg of protein of hippocampal tissue.
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Figure 3.1 Effect of prenatal WhAChRnEBMhdxpos
NAChR in the whole hippocampMesterniblot arRlsis Showsf f s pr
U 7h A C heRpression was significantly dewregulated by 40% following prenatal nicotine
exposure * P<0.001,n=8 CTL, 8PREN. Whereas, the level df zn A C heiression in the

nicotine group was significantly decreased by 25%4°€0.01;n=8 CTL, 8 PREN). Values are

the meantSEM relative to sadhexposed control$2r ot ei n | evel s in the co
hi ppocampus | yslet AChRbh@amdCamRs iprytefin | evwel s ar
actin and expressed as a percent aTymcaldvestetnhe c o
blots for each treatment are shown in band pairs above the bars (left band: control; right band:
PREN. Abbreviation CTL=control PREN= Prenatalnicotineexposed,n=the number of pups

used for each bar, wioa i | e d, unpaiesed Student os
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Figure 3.5 Effect of nNi cot i-md i ateectkeepittoak sarcd p tv
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Figure 3.6 Prenatal nicotine exposure leads to alterations inrgile-channel properties of
synaptic nAChRs. Representative traces and corresponding current amplitude histograms are
shown for (A) control synaptosomes treated with100nM nicotine, (B) control synaptosomes
activated with 1uM PNW20596in the presence of 188 nicotine and (C) PREN synaptosome

in the presence of PN120596and nicotine. The channel conductance of nAChrs currents were
shifted from the higher conductance level 60 Ps in control synaptosomes to the lower conductance
state 10 Ps in PREN synaptos@n&he channel open peak (right peak in each histogram) is
decreased in PREN synaptosomes indicating a reduction in open probability-chiaghel open

and close time distributions for control (C) and PREN synaptosomes (D) and (E) and (F)
respectively wee fitted with 2 exponentials. (G) Bar chart illustrating the significant reduction of
NAChRs channel open probability in PREN synaptosomes. (H) Bar plot showing significantly
decreased open timdg a n & in ®REN synaptosomes. (I) Bar chart showing significantly
prolongedc | os e t i me,). ¥Yaluespaceeressed @ddnean + SEM from 10 animals per

group*** p<0.0001, p* <0.001, p<0.05,twet ai | ed, wunptdesty ed Student os
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Figure 3.10 Marked increase in Glutamate and unchanged GABA levels in saline exposed
rodents assessed by HPLC({ A) Bar chart Bows the unchanged level in the hippocampal
GABA content as detected by HPLC in saline exposed rodeatted with nicotine or
PNU120596relative to untreated control comparison to PREN(=6). Results are expressed as
picomoles/mg of protein(B) Bar chart shows the significant increase in the level of glutamate
neurotransmitter measured in hippocampal region of brain of saline exposed rodents treated with
nicotine and /or PNWL20596relative to untreated control slices in comparison to PREN slices

(n=6). Levels of neurotransmitter are expressed as picomoles/mg of protein.
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3.5 Discussion

Children of mothers who smoke have been reported to be at higher risk for severe adverse health
conditions(Pausova et al., 20D 7Chronic neurobehavioral changes, such as learning and memory
deficits and other conditions including stillbirth and sudden infant death syndrome, have been
linked to maternal smoking dag pregnancyErnst et al., 2001Linnet et al., 2003Winzer

Serhan, 2008 Studies have demonstrated that there is a strong correlation between maternal
smoking and offspring cognitive outcomes, particularly in younger child€afouri et al., 200

Animal studies from our laboratory and others have confirmed that prenatal nicotine exposure
results in enduring learning and memory deficits that are consistent with, and an accurate model
for, the cognitive dficits observed in the children of mothers who sm@aameshwaran et al.,

2012 Vaglenova et al.2008. The mechanisms responsible for impaired hippocampal memory
function in PREN rodents are not fully understood. The major gdhisstudy is to elucidate the
mechanisms that underlie hippocahgependent memories and how the nicofictwolinergc

and glutamatergic systems interplay to regulate these mecham#iimsugh several harmful
substances are present in tobacco, the observed neurobehavioral alterations are mainfy due to

uteronicotine exposure.

In the present study, we utilize a rotl@model of prenatal nicotine exposure in which pregnant
rats were infused with nicotine at rate ofnfg/kg/day through a subcutaneously implanted
osmotic minipump. This dose has been meddo the plasma level of nicotine moderate to
heavly smoking hmans, which rangefrom 25 to 75 ng/m(Fewell et al., 200 The resuk

from this study demonstrat®r the first time that cognitive deficits observ&dm prenatal
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nicotine exposure are paralleled bynodificatiors to glutamatergic hippocampal

neurotransmission as a result of alteraiomAChRSs.

Our recently published work demonstrated that basal synaptic transmission and LTP was
impaired in PREN rat hippocampP&rameshwaraet al., 2012).These reslts suggest that

nicotine exposure during development affects the synaptic transmission mediated largely by
glutamate receptors in tipostnatal brain. The first line of analysis in this study was to evaluate

the responsiveness of the glutamatergic syoa@nsmission to modulation of different types of
NAChRs. From our studfFigure 2C)and previous findingst has beermstablished that NAChRs

are modulators of synaptic transmission and plasticity in the hippocaiWelisby et al., 2006

Welsby et al., 2009aand our findingsfurthers ugge st t hat protein expl
nAChRsare downregulated in th€REN rat hippocampud-igure ). These observations raise

the possibility that altered expression, and perhaps function, of nAChRs contributes to observed

deficits in glutamatergic synaptic transmission and plasticity

In the first set of experiments, watilized nicotine to activate nAChRs. It is important to
determine an optimal dose of nicotine that will not cause rapid desensitization of the receptors and
that will not cause a shift in fEPSPs at a given stimulus strength. In a set of pilot expenveents,
identified 5 UM nicotine as the optimal dose in our experimental conditions. This dose was also
used by Welsby et a{2009) to study the changes in hippocampal LTP in Ritarmacological
agents (nicotindéuM, PNU1205961uM, 5-iodo-A-85380 3BM, MLA 100 uM and DMAB-AD

20 uM) were perfused during a 5 min period that overlaps the TBS induction period. The reason
for this drug applicationis to prevent desensitization of nicotinfeceptors Figure 2A).
Stimulation of the Schaffer collateral with TBS wésund to produce LTP of the fEPSP in the

hippocampal CA1, which returned to baseline levels within abhBuhin. after the continuous
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application of 5uM nicotine this return to baselinsuggest that the inductionwas at least
partially due to the activemn of nAChRs,as opposed to being solely duedesensitization of
NAChRs Figure 2A) Drug concentrations and duration of application were optimized from

preliminary experiments and previous repgvitelsby et al., 2009b

We studied the effects of activation/inhibitiom f U7 ba2mAChRsron hippocampal
glutamatergic synaptic transmission and LTPsalineexposed controhnd PREN animalsl 7
and b 2 -contaiing nnAGhRs are richly expressed in the hippocampus and their
physiological roles have been reported in several stidigendon and Albuquerque, 2004n

these experimentsve utilized nicotine to activate nAChRSirst, we studied the changes in the
fEPSPs and fiber volley amplitude in response to different stimulus strentjid presence of 5

MM nicotine.Prior to the infusion of nicotine, fEPSP recordings were performed forrisies at

a stimulation strength that evokes fEPSPs with 50% of the amplitude where the first population
spike appear. The aim of this experiment was to idettifyspecific modulatory role of each of
these two nAChR subtypes on hippocampal basal syn@ptismission. This was achieved by
infusion of a drugPNU120596)that acts as a potent and selecpesitive allosteric modulator

for the U 7subtype of neuraticotinic acetylcholine receptarhe reason for usingn allosteric
modulatoris that PNU120596 induces a form of modulatensitized receptorandis able to
change the accumulated desensitizatiba r acti vatAiIChmR df2 MWMBHB)Pni st
Azetidinylmethoxy}5-iodopyridine dihydrohloride (5-iodo-A) was utilized. All drugs were
perfusedin the ACSF. The inpubutput experiments were performed (after 5 min of nicotine
perfusion only if fEPSPs during the 15 min baseline recordingsdt show a shift in amplitude.

Our results from his study demonstrated that LTP was not induced by TBS in PREN
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hippocampal slices. Assessment of basal synaptic transmission at various stimulus intensities

revealed that fEPSP slope was significantly attenuated in PREN slices.

Deficits in LTP in PREN slies could be due to altered axonal depolarization, presynaptic release
and/or postsynaptic mechanis(isgure 4A) Therefore, we assessed the presynaptic fiber volley,

a small deflection of the field response that precedes the postsynaptic potentiateatesawnith

the number of presynaptic afferents activated by the stimulation pulse at different input current
intensities. We found the fiber volley amplitude was significantly diffebemiveersalinecontrol

slices andPRENcontrol slicesat various stnulus intensitiegFigure 4B) indicating that the
conversion of the presynaptic stimulus into axonal depolarization was affected in PREN slices. In
addition, fiber volley amplitudes were significantly different among the control sapesed

group treagd with nicotine anfdr PNU120596 however,no changes were sewithin the PREN
groupatfter drug perfusionFurthermore, changegredetected in PPF% among the control slices
treated with nicotine aridr PNU120596and 5iodo-A, but no changewereobsened in PREN
slices(Figure 4C) PPF is a presynaptic form of synaptic plasticity that is likely mediated by an
additional neurotransmitter release (Wu and Saggau, 1994, Zuker and RegehiR2idé@pulse
facilitation of fEPSCs monitored in CA1 pyramidaéurons was significantly depressed after
treatment with nicotine anor PNU120596 indicating that the nicotinic modulators effect on
synaptic transmission is actually due to an increase in glutamate release from presynaptic
terminals and an enhancememtipost synapti c excitat pAChRsamond u ct
the glutamatergic terminals are involved in excitatory synaptic transmission through glutamate
release(Wonnacott, 199;7Wonnacott et al., 2006 This observation was consistence with our
finding that ncotine and/or PNW20596increased the rate of nicotiieggered AMPASEPSCs,

and affectedthar amplitude, in CA1 pyramidal neurons of hippocampal slieeseffectthat is
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blocked by nicotinic receptor antagonigtsigure 5), suggesting that PN120596 stimulates
glutamate rel ease b ynACBRabtgity. Overaly oupresalts fomahsset ¢ U7
of experiments suggest that nAChRs have a spegibdulatory role on hippocampal basal

synaptic transmission presynaptically, which wapaired n PREN rodents.

The application ob-iodo-A is sufficient to cause a loAgsting potentiation in LTP in saline

control slices Application ofthe U7 n ACh R a g o niinsthe piedéntd & Migoné

evokeda further increasen LTP compared t@ b 2hAChR agonist(Figure 3A).This increase

was reduced in the presenceaiU7 n AChR ant,d@0aM)i Notably( nidatide

induced potentiation AAMPA sEPSC amplitudewas ensi ti ve to MLA (100 n
of the U7 nAChR subunit Kigure 54. As nicotineinduced enhancement of AMPA sSEPSC
amplitude is associated with a decrease in the pputse ratio Figure4C), altogether these data
suggestthat he U7 n A GsithR majon compoment of NAChRSs located on glutamatergic
presynaptic terminalseurons andhat it may mediate the longasting excitation of pyramidal
neuronsBothUZand b 2 n A C haRecracialtfor theaestablisimment of fidized LTPin

vivoin thehippocampal CA3CAl/Schaffer collateral synaps@<Sgures 3A & 2B), as apgtation

of DMAB-anabaseine dihydrochloride (DMAB M}, whichactsasnU7 n AChR ant agon
b2-nAChR agonist, impaired LTEFigure 2B). This suggests thatimultaneous activatioaf U 7

a n d nACBRsis required for enhancement of glutamatergic syrapéinsmission and plasticity

in the hippocampus and the reduced expressio

rodentsd6 results in .glutamatergic synaptic de

Ni coti ni c nACGhRs2re also doundantly expressadGABAergic interneurongiithe
hippocampus and mediate inhibition and disinhibition of hippocampal neuronal networks

(Alkondon and Albuquerque, 20P2Nicotine and/or PNU120596, thereép might enhance
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excitation in pyramidal neurons due to disinhibition in association witimemeasein GABA
release. However, this is not the case here, sinceatheentratiorof nicotine and PNU120596

used in this studglid not change the level of GABin rat hippocampal slices and it increases the
level of glutamate release from rat hippocampal sliassfoundfrom HPLC experiments
Moreover, PNU20596 action on nicotindriggered glutamate release was sensitive to MLA,
agreeingwith the implicationo f nBGhR (Figures 10A & 10B). Levels of glutamate and
GABA were reduced in PREN hippocampal slic€serall, nicotinic modulators appear to
enhance excitation in hippocampal CA1 pyramidal neurons by stimulating glutamate release as
mediated via presynapi ¢ nAGRRs, whereas such excitation was impaired in PREN

hippocampal slices.

When PNU120596a positive all ost er,iwas present withaitobneinof U
the superfusion fluid, the evoked glutamate relemsesincreased compared to thatcéed by

nicotinealone PNU120596 did not modifyper se the basal release glutamatgnot shown).

To elucidate how prenatal nicotine exposcwald disrupt glutamate release and to determine the
relative contribution othe nicotinic receptor in redating release and postsynaptic responses in
PREN and control rats, we measured AMBAPSCs from the pyramidal neuronstive CA1l

region of the hippocampus utilizindhe whole-cell pach clamp methodAs the majority of
excitatory neurotransmission in thgppocampus is mediated by AMPARBIngledine et al.,

1999 Malinow and Malenka, 2002U7 and bs2thentwoCshbRpes, have been well
characterized for their presynaptic expression and regulation of neurotransmitter release
(MacDermott et al., 1999, Wonnacott, 199The AMPA receptomediated excitatory synaptic
transmission in the hippocampudg contol salineexposed animalss modified by nAChR

modulation (Figure 5A) Resultsfrom controk showedan increase in SEPSC amplitude and
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frequency with exposure to nAChR activation with nicotine, further incseas&EPSC frequency

and amplitude with actvt i o n nACHhRs With PNU120596 in the presence of nicotiae,
decrease in SEPSC amplitude am\@hRsflexposuyredancy w
antagonist MLA), andno measurableactivation in PRENsamples (Figure 5B)This is
corroborated by a receffinding that mRNA levels of a7 nAChRs were reduced in prenatal
nicotine exposed rats hippocanggppolito et al., 2010 Interestingly, at higher dose of ntate,

the sEPSC amplitude and frequenty control slices diminishes (not showrn additional
complication to be considered for interpreting the mechanisms of nicotine action is the possibility
thata desensitization process rather than an activatiorcofinic receptorgould be the cause of

the changes in SEPSCs I ndeed there is convincing evide

NAChRs quickly desensitize upon nicotine applica{i©hiodini et al., 1999

The decrease in EPSC amplitude can also result from decreased expression of synaptic AMPA
receptors (Parameshwaranet al., 2012n addition, altered quantal glutamate content can
influence the mEPSC amplde (unpublished data). In our previous study, we noted a significant
decrease in the vesicular prot®GLUT, responsible for the uptake of the excitatory amino acid
L-glutamate into synaptic vesiclesshich may have contributed to impaired packaging of
glutamate (Parameshwaran et al., 2012nterestingly, co-immunoprecipitationstudies of
hippocampl tissuerevealed thatd 7 n A Ch R s with ViGLET, #3395 and SAPL02
(Figure 8) Therefore the presented evidence suggedtat presynaptic terminals iIRREN
animals are lesable to sustain release during TBS stimulation. A model consistent with this
hypothesis is that the nicotinic receptor acts in the presynaptiingd, at or near a site in the
synaptic vesicle trafficking pathway, to influence neraosmitter release. Indeed, nicotinic

receptos have areassociated with VGLUT and synaptic protewsich areenriched at the nerve
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terminallt i s possible that U7 nAChRs can interact
affect their synaptic localization. A deficit in vesicle release or recycling could account for the

decrease in LTP induction seen in the slices from PRhiMals.

We conclude that decreased AMRASEPSG and amplitude in PREN, which possibly
contributed to impaired synaptic plasticity, resulted from decreased expression and function of
pre- and postsynaptiaqicotinic receptorsThis study closely correlates with ouregious results
showingalteration of quantal content glutamate as well as ARBP@arameshwaranet al., 2012)
Interestingly, GIuR1 expression was found to be upregulated after nicotinic actigatomne

5G). The decrease in frequency of SERSCprenaal nicotineexposed rodents in this study can

be explained by: (i) a decrease in probability of glutamate release due to reduced presynaptic
nicotinic afferents as proved by decreased FV amplitude and PPF among deRipired to
control saline exposed slge(ii) impaired postsynaptic machinery as indicated by decreased
PSD-95 and SAP102 which are interact with nicotinic receptors, in additidoimregulation of
AMPAR subunit GluR1and (iii) deficiency in vesicular packaging of glutamate due to deaease
levels of VGLUT1 (Parameshwaranet al., 2012), whicteractswith nicotinic receptorsas

revealed by immunoprecipitation studies

Desensitization of longerm activated signaling pathway via removal of cell surface receptors
and/or by alteration of iochannel properties is common. Chronic prenatal nicotine exposure
might desensitize nicotinic signaling by (i) removing the surface nAChRs and/or (ii)
downregulating theisgle-channel properties of nAChR ion channels. Our finding suggasts
approximately40% decreasme x pr es si oa2 504 rk7duand on i n b2nACH
hippocampi Figure ). It is possiblethat, in addition to reduced expressjothe remaining

receptors localized at synapses may have altered functional properties due to PB&tiXedk s
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further possible that pesynaptic receptors may play a role in thiherefore, to test this
possibility, single-chaanel recording of synaptimAChRs was performed utilizing isolated

synaptosomes

Alterations in intrinsic singkehannel prperties of synaptic AMPA receptonsivebeen reported
in our previous study (Parashwaran et al2012). SEPSC amplitude and singtdannel open
probability are positively correlate@Kanju et al., 2008 Interestingly, in the nicotmexposed
rats the singlechannel propertie®f nAChRs werealso altered(Figure 6), suggeshg that
reduced singkehannel open probability and open timesupled with increased ading times
may contribute to the deficits in single neuronal nicotinic receptor currenisnahdn, to the
reduced synaptic transmission in prenatally niceéxposed ratsThe reduced singkehannel
open probabilityof NAChRsin prenatal nicotinexposed rats can be further explairmgdthe fact
that the nAChRs may bender the influence of tyrosinghosphorylation, which can lead to
changes in receptor numbend function. Ithas beenreported that tyrosine phosphorylatioan

very rapidly modulateeceptor functiorfDavis et al., 2001

It is currently not known how prenatal nicotine exposure affettiglechannel properties of

nicotinic receptors However, it is most likely due to indirecteffects of nicotinethrough
phosphorylatiorchangesof amino acid residues in the receptor subu@itsrevealed in a study
showingt hat tyrosine phosphoryl ation of Utat n ACh F
may have the potential of determinitige channel propertigsiopfield et al., 1988 The deficits

in basal synaptic transmission antiR_could be associated with alterations in NnAChRs that lend a

modulatory roleéo synaptic transmission and plasticity.
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As mentioned earlier, the decline glutamate transmission could be due a deficiency in the
synaptic expression, downregulation of tivemll protein levelsor both. We noted a signifioa
reduction in the amrbtneAiChRsevienl sPREIN G&Hnapt o
Furthermoe, ateratiorsi n t he synapt andb 2xAC kR s, ihgshySeELP2UF p
and PSBO5 seen inPREN rodentscould be due to disruption of protein syrgise In order to
address this possibility, we performééestern blot experiments to measure the protein levels in
the whole hippocampal homogenatéggure 7) Remarkably, there were significant differences

in PREN whole hippocampal homogenatesnpared tosaline exposedindicatingthat PREN
effecsU7Zandb 2 n ACh R, hysiy, 8APAO2 angl PSB5 protein synthesig.he decrease in
protein levels of PSB5 in PREN synaptosomal fract®was noticed. PSD5 is a scaffolding
protein thatnteractswith nAChRs mediates downstream signaling in the neasy and promoge

the formation and function of nicotingynapse®n neuronsthereby pomoting rapid trafficking

of nicotinic receptors on neurons and imgyvphysiological significance for synaptic signaling.
PSD-95 was also recently implicated in controllindChR calcium signalingGomezVarela et

al., 2013. Together, PSB5 and SAP102 in the postsynaptic @k reportedo transcellularly
regulate theconcurrentrelease of transmitter from presynaptic terminals onto the neuron while

stabilizing postsynaptic nicotinireceptopopulationunder the release sites (Neff, 2009).

Rapid activation and desensitization kinetics is an intriguing characterist®GiiRs(Seguela et

al.,, 1993 Sudweeks and Yakel, 2000The activation of nAChRs geneestan intracellular
signaling cascade that is crucial for hippoca
NAChRs has &en shown to induce changes in cytoplasmic calciumdézading to activabn of

a number of Cd-dependent protein kinases, such as miteagivated protein kinas@VAPK)

(Dineley et al., 2001 and protein kinase ADajasBailador et al., 2002 Additionally, U 7
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NAChRs havealsobeenmentioned to be directlgoupled to thé?I3K signalingcascaddKihara
et al., 2001 Thus,the stimulationof these intracellulasignalsthat associate witiJ7 nAChRs

might sensitizehe CAlneurondor LTP induction(Cohen et al., 1998

In learning and memorythe MAPK pathway is one of the main phosphorylation cascades,
particularly the phsphorylation of extracellular signe¢gulated kinase (ERK)t was reported

that phosph&RK (pERK) is induced inthe hippocampus following longerm memory
consolidation, andthat inhibition of ERK pharmacologically prevents lotgym memory
formation inrodent learning model@itner et al., 200) In contrastjn vivo studies have shown

t hat an uz nAChR agoni st, gi ven al oOREB can
phosphorylation in brain regior(8itner et al., 200y Anotherin vitro study has shown the lack

of ERK activation in response to agonist alone in PC1% asbuld be due to the rapid
desensitizati on of uz n A Ch R swas applied tohailtumecd r e ,
hippocampal neurong, induced a rapid concentrati@ependent desensitizon seen innward
whole-cell currens andwasinhibited by theU 7 QhRs antagonist MLABodnar et al., 2005

Gronlien et al., 2007

The ERKZ1/2 phosphorylation is downstreahCaMK II/IV (CaMK [I/IV). CaMK II/IV and

PKA are major kinases that are regulated by calcium entry through nAChRs and contribute to
LTP in the hippocampugSchnitt et al., 2005 Shen and Yakel, 2009The cAMP response
element binding protein (CREB) is a transcriptional factor activiayeHRK1/2 and plays a vital

role in LTP enhancemeantdb 2 nQuOh Rksa taar es (idouned) r tehgautl
andthat levels of phosphorylated CaMKIl, ERK1/2 and CREB in PREN rodentslececased

(Figure 7)compared to controls. These findings gesf that downstream signaling of nAChRs is

affected in PREN rodents and this redusighaling could be a major mechanism contributing to
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the deficits in LTP. In future stigs we will investigate the downstream signaling by using an
experimental approacthat consists of activity measurement of CaMKIIl/IV, ERK1/2 and PKA
and the analyses of synaptic plasticity in response to selective activation of kinases. The
experiments proposed under this specific aim will verify and establish the role of the

NAChR/MAPK pathway in altered synaptic plasticity associated with PREN exposure.

In summary, these findings strongly suggest that prenatal nicotine exposure results in potent
glutamatergic impairment in the excitatory transmission in the hippocampus due toiattenat

nAChRSs.
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nAChRs modul ate synaptic NMDAR expression

plasticity in dNIC rodents.

Introduction

Children of mothers who smoke have been repddduk at higher risk for severe adverse health
conditions(Pausova et al., 20D 7Chronic neurobehavioral changes, such as learning and memory
deficits, and otheconditions including stillbirth aad sudden infant death syndrornave been
linked to maternal smoking during pregnar{&nst et al., 200%&rnst et al., 200%h.innet et

al., 2003 WinzerSerhan, 2008 Studies have demonstrated that there is angtaorrelation
between maternal smoking and offspring cognitive outcomes, particularly in younger children
(Kafouri et al., 2002 Animal studies from our labatory and others have confirmed thatotine
exposure during developmemsults in enduring learning and memory deficits that are consistent
with, and an accurate model for, the cognitive deficits observed in the children of mothers who

smoke(Parameshwaran et al., 2QMAglenova et al., 2008

Developmental plasticity in the cerebral cortex and kiygpocampus, dependhainly on
cholinergic input that modulateglutamatergic neuronal activity. Disruption of afferent
cholinergic projectias or acetylcholinggrocessduring development reduceynaptic function
and plasticity(Patrik et al, 2012 It has been reported thaholinergic basal forebrain neurons
damageor their innervationsis an initiating event leading to extensive memdogs and
neurodegeneratioas i n Al z h e(Auket ab, 2003 Chelireagipnervationsto the
hippocampu®riginated from the medial septal nuclei atiie vertical limb of the nucleus of the

diagonal band of Broca in the basal forebr@ffoshida and Oka, 1995These cholinergic
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projectionssend afferents to the prefrontal cortex a®deral locations inhe cerebral cortex

(Auld et al., 2002 Yoshida and Oka, 199%nd form functional synapses in the hippocampus
associateavith pyramidal neuronsn addition togranules cells, interneurons, and neurons in the
hippocampal hilus during the first weekof postnatal (Frotscher and Leranth, 1985
Developmental consequences of desensitization of these cholinergic fibers and the subsequent
stimulation of nicotinic acetylcholine receptors (nAChRs) by cholinergic agonists (unpublished
data), packaged and trafficked within synaptic vesicles, have not beeelwegdlated.There are
severalreports, however, that suggest gestational exposure atin@ccan lead to impaired

learning andilterbrain function(Parameshwaran et al., 2012

Although several harmful substances are present in tobaccopbgerved neurobehavioral
alterations are mainly due o utero nicotine exposureNicotine is an agonist of nicotinic
acetylcholine receptors (nAChRs) and is the major psychoactiveaddictive compound in
tobacco.nAChRs play important roles in the foation of neuronal circuitry and the temporally
defined activation of other neurotransmitter systems including the glutamaten sgateng
embryonic developmenT h e mR N AnAGHRs i¢) @pressedind the receptors become
functional as early as embryoniday 13 (E13) inthe rat fetal brain (Leslie et al., 1997). The
regulatory role of nAChRs in neuronal circuitry development and synapse formation can be
impaired by chronic nicotine exposure during fetal development. During early development,
nicotine exposre appears to result in alterations in neuronal morphology including decreased
neuronal area in the hippocampal and cortical neurons. The effects of nicotine on the developing
brain are confined to certain regions. For example, the cerebellum, whielogkelate, does not
show altered neuronal morphologin contrast nicotinehas a rapid and loAgsting effect on

hippocampal neuronal morphology with a vulnerability period that extends from prenatal to early
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postnatal periodgHuang et al., 2007). Ni¢me exposure studies have confirmed these
morphological changes are a direct consequence of developmental nicotine exposure, as opposed
to nicotineinduced placental dysfunctions or hypoxia, as similar results were observed after both

pre- and postnatalchronic nicotine treatmetiRoy and Sabherwal, 1994

nAChRshave essential roles in a diversity of CNS processes, including neuroniitglaShe

U 7a n d-subudit containing NAChRs are abundantly expressed in the hippocgAigasdon

and Albuquerque, 2004 Memory and spatial navigation are believed to be regdilay NnAChRs

in the hippocamips (Bancroft and Levin, 2000 Glutamate receptors are the main mediators of
excitatory neurotransmission. In the hippocamgligamate transmission is itsetffodulated by

other neurotransmitter systems. Presynaptic nAChRs are known to facilitate the release of
glutamate. The release of -qalndtn&BBRstirchippoeathpalat e d
CA1l synapses contributes to synaptic plasticity (Ji e280D]1; Ge et al., 2005). These findings
highlight t he-ainmmACBERsaimtoeedeveldpmebtdf glutamatergic synapses
and synaptiglasticity in the hippocampu&lutamate acts on tHéd-amino3-hydroxy-5-methyk
4-isoxazolepropionic acid receps (AMPARS) andN-methytD-aspartate receptors (NMDARS)

postsynaptically, ultimately leading to downstreargnaling.

Similarly, the importance of NMDR-mediated neural transmission is demonstrated by its role in
models of synaptic plasticity sues lorg-term potentiation (LTP) , a cellular model of memory
encoding longterm depression (LTD{Luscher and Malenka, 2012and learningand memory
(Rezvani, 200% Therefore, changesn NMDAR function in the hippocampus may further
contribute to cognitive deficits associated with prenatal nicotine exposure. In fact, atlbeing
function produces similar cognitive and neurochemicalratitens to those seen with prenatal
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nicotine exposur¢Soman et al., 2032In addition to changes in NMDAR signaling, cognitive
deficits in prenatal nicotine egpure has beenassociated with altered nAChR function
(unpublished data). As mentioned earlier, nAChRs are involved in cognitive pro¢esses

2002 Levin, 2013 and thus changes in nAChR function could contribute to cognitive deficits
seenafter prenatal nicotine exposure. However, it is unkndvaw prenatal nicotine exposure
leads to these cognitive deficitBhis study reveals that developmental nicotine exposure causes
deficits directly associated with changes in nAChR function (unpublished data). In addition, if
NAChR- and NMDARmediated processes interact, nicotinic receptors coedphtively impact

NMDAR-mediated cognitive processes.

Interestingly, there are many interactiobstween nAChR subtypes and NMDARshese
interactionsare crucialfor physiological and pathologicalfunctions For instance, nAChRs
mediate neuroprotection against excitotoxicityuoed by NMDARhypesstimulationin primary
hippocampal cultur§DajasBailador et al., 2000 PresynapticnAChR stimulation facilitates
glutamatergic trasmission ahippocampakynapse$Girod et al., 200Dand enhances LTP in the
hippocampugOndrejcak et al., 20)2nAChRsactivationregulats the downstream turnover of

AMPA receptor GIuR1 subunf{Rezvani et al., 20Q7

NMDAR signaling iscritically involved in learningand synaptic plasticitfRezvani, 2006,
(Malenka and Bear, 2004NMDAR-mediated processesipport both shoferm and longerm
alterations in newal functiors underling changes in shorand longterm memoryLuscher and
Malenka, 201p The cholinergic system is also involved liearning and synaptic plasticity;
cholinergic antagonists disrupt learniriBatrick et al, 2012)and agonists such as nicotine
enhance learninfKenney et al.2012 andsynaptic plasticity as measured IbyP (Welsby et al.,
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20069. Severalevidence suggests that NMDARediated ancdhAChR-mediated processes may
interactduringmemory encodingAlkondon et al., 2003Risso et al., 2004and changes in these
processes may occuturing prenatal nicotine exposyrdéeading to alterations incognitive
function. Thus, understanding how NMDARNd nAChRmediated processes interact to alter
learning may contribute tagreater understanding tife cognitive deficits that appeiarchildren

of motherswho smoke

In the case of pregnant smokers, the developing fetal brain rechingnic exposure to nicotine.

The resulting developmental disruptions to nAChRs can have deleterious impacts on
glutamatergic synaptic physiology and plasticipliminating in impaired cognitive functions.
Although impairment of hippocampwependent memory forms in developmental nicotine
exposed rodents are widely reported, the underlying mechanisms have yet to bledidbtex.

Our initial findings (Paramelswaran et al., 2012) provide the first empirical evidence that
hippocampal LTP is impaired in dNIC rodenits.addition, our results also provide evidence that
basal synaptic transmission, AMPAR function, and the expression of kegrmtegosisynaptic
proteins were altered in the hippocampus of dNIC rodents (Parameshwaran et al., 2012). The
processes that underlie modifications in these two neurotransmitter systertfsagpamote

these deficits are currently not known.

Increasingevidencehas pointed © a pivotal role of braimAChRs in cognitive functions
However, the underlying mechanism is not fully understood. In explanation of this, we propose
that nAChRs may modulafenction downstreansf NMDAR signaling events in the pathway of
LTP. This issupported byour datademonstratinghat NMDA receptoidependent LTPs are
inhibited by inhibitors of nAChRseceptorsand facilitated by nicotine.In addition, it was
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