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THE ROLE OF THE AMPA RECEPTOR GLUR2 SUBUNIT ON ANESTHETIC 

NEURODEPRESSION AND EXCITOTOXIC CELL DEATH 

PhD Degree, 2000, by Daisy Therese Joo, Iastitute ofMedical Science, University of Toronto 

The M A  subtype of gIutamate receptor mediates fast excitatory neurotransmlssion, 

This Ligand-gated ionotropic receptor is composed of multiple subunits (GluRI, GluR2, GluR3, 

and GLuR4). In particular, the GIuR2 subunit is present in the majority of AMPA receptors in 

the forebrain and hparts reduced calcium pemieabüity, insensitivity to polyamine inhibition, 

sensitivity to barbiturate inhibition and influences the localkation of these receptors to the 

synapse. The objective of this thesis was to determine the importance of the GluR2 subunit in 

physiological, pharmacological, and pathophysiological processes. Specincaiiy, the rotes of the 

AMPA receptor GluR2 subunit in anesthetic-induced neurodepression, excitatory 

neurotransmission, and n e m d  excitotoxicity were investigated. 

In vitro electrophysiological studies reveded a decreased potency of barbiturates for the 

inhibition of GluWdeficient AMPA receptors. Ln contrast, behavioral studies demonstcated that 

GluR2 n d i  mutant (4) mice were more sensitive to pentobarbital than wildtype (+/+) mice. 

These results suggest tbat the inhibition of AMPA receptors does not conti.l'bute to the 

neucodepressive effects of barbiturates in mis mouse d e l .  These fïndings were corroborated 

by behavioral studies demonstrating that the (-10) mice were also more sensitive to volatile 

anesthetics, which do iiot appreciably inhibit AMPA receptors. Therefore, the inhibition of 

AMPA receptors does not underlie anesthetic-mediated neurodepression. Instead, we postulated 



that a reduced excitatory neurotransmission in (4) m*ce renders then more sensitive to general 

A reduced excitatory n e u r o ~ s s i o n  in vitro was demonstrateci by îhe deaxase in the 

fast component of evoked excitatory postsynaptic cunent (EPSC) recorded fbm (4) 

hippocampal slice. In contrast, AMPA receptor-rnediated miniature EPSCs in cuitured (4) 

hippocampal neurons were unaltered, suggesting that a normai AMPA receptor complement 

exists at synapses activated by the spontaneous release of gIutamate. The increased kainate- 

evoked current density measures in '/-) neurons were suggestive of an enhanced expression of 

extrasynaptic AMPA receptors- These results are consistent with a reduced loçabaîion of 

Glu.2-deficient AMPA receptors to some synapses. 

in addition, kainate excitotoxicity was studied in the (+/+), (+/-), and (4) mice- In vitro 

and in vivo experiments demomtrated unchanged neuronal death, despite increased calcium 

influx into (4) hippocampai cultured neurons. 

In summary, absence of the GluR2 subunit contributes to a reduced synaptic 

neurotransmission and increased anesthetic-induced neurodepression, without enhancing 

excitotoxic neuronal injury, 
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1 
1. INTRODUCTION 

Glutamate is the major excitatory neurotransmitter found ubiquitously in the mammalian 

central nemous system (CNS). Glutiimate activates Mo subgroups of ionotmpic Ligand-gated 

receptors, namely, the N-methyl-D-aspartate -A) and non-NMDA receptors. a-Amino-3- 

hydroxy-5-methyl4i~0~azolepmpi0ni~ acid (AMPA) receptors belong to the latter subgroup 

and are important in medlating fast excitatory neurotransmission (Hestnn et ai., 1990) (Jonas* 

1993). Depolarkation of the neuronal membrane by the activation of AMPA receptors ailows 

the secondary activation of NMDA receptors, through the release of a physiological ~ g ?  block 

(Johnson, Ascher, 1990b). Activated NMDA receptors facilitate ca2+ entry and the resulting 

ca2' influx is thought to play an important role in excitotoltic cell death (reviewed in (Choi, 

1998)) and synaptic plasticity which unddes leaming and memory (Maren, Baudry, 1995) 

(Asztely et al., 1996). 

In contrast to NMDA receptors, the majority of AMPA receptors have reduced ca2+ 

permeability. This is a due to the inclusion of the GluR.2 subunit in most AMPA receptor 

complexes, in combination with three other possible subunits, GluR1, 3 and 4. However, 

alterations of AMPA receptor GluR2 subunit expression may occur undet pathological 

conditions, rendering these receptors ~a~~-permeabie (reviewed in (Pellegrini-Giampietro et al., 

1997)). Hence, both NMDA and AMPA receptors, and their associateci ca2+ inûux, have been 

implicated in a large variety of neurological disorders includuig epilepsy Friedman et al., 1994), 

ischernic brain injury (Pellegrini-Giampietro et al., 1992) (Gorter et al., 1997), schizophrenia 

(Eastwood et al., 1995) (Eastwood et al., 1997), Alzheimer's disease (Pellegrini-Giampietro et 

al., 1994), and amyotrophie lateral sclerosis (Wiïams et al., 1997) (Shaw, hce, 1997). This 

thesis explores the effects of a Iack of GluR2 subunit expression on the sensitivity to anesthetic 

agents, excitotoxicity, and excitatory synaptic neuroîransmission using a variety of in vitro and 

in vivo techniques. 



The e f f i  of GluR24efiCient AMPA receptors on excitatory synaptic 

neurotnuismission and excitotoxicty can be diredy examinecl à vitro usuig hippocampal or 

cortical nemnd culturesS In con- the link ôetween in vitro electrophysiological studies of 

GlW-deficient neurons and in vivo behavioral studies of neurodepcessive sensitivity in G I m  

ndi mutant mice is more tenuous, due to the complexities existing between iodividuai neurons 

and animal behavior. There is not much hown about the complex neural substrates that underlie 

behavior, in particular, consciomess and anesthesk However, the changes in AMPA receptor 

structure and bction in anunals with a n d  mutation of a single gene, encoding the GIuR2 

subunit, c m  be correlateci with alterations in behavior. A pioneering effort to understand the 

moIecular substrates afFecting behavior can be made with these correlative studies. In this 

endeavor, we begin by examining the direct Linlrs W e e n  AMPA receptor structure and firnction 

in the singie neuron. 



3 
1-1 AMPA RECEPTOR STRUCTURE AND FUNCTION 

Early evidence of phannacologicaiiy distinct glutamate receptors have outlined three 

distinct receptors that are specindy activateci by NMDA, quisqualate, and kainate (McLennaa, 

Lodge, 1979) @avies, Watkins, 1981) (Watkins et al., 1981) ( M d k ~ a n ,  1983)- Quisqaalate 

receptors were later identifieci as having a higher selectivity for AMPA activation an, hence, 

were so m e d .  

The fünctional propertïes of AMPA receptors are governed by their constituent subunits. 

In pdcuiar, the unique structural properties of the GluR.2 subunit underlie many important 

AMPA receptor channel characteristïcs, including reduced ca2+ permeability, polyamine 

resistance, and barbiturate sensitivity. The following section reviews the structural components 

of the AMPA receptor (figure 1-1) and their influences on the fimctional properties of these 

receptor-channels, 
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FIGURE 1.1. AMPA raceptor structure. (A) Subunit topology, ïncluding several Important 

sites. (B) Receptor structure* A proposed pentameric structure is depicted. 



FIGURE 1-1- AMPARECEPTOR STRUCTURE 

From Pellegrhi-Giampietro et al., 1997 p.465 
(TINS Vol 20, No. 10 Elsevier Science Ltd., Cambridge, UK) 

cross-section 

From Peoples and Weight, 1997 p. 240 
(Chpt. 15, Anesthetic Actions on Excitatory Amino Acid Receptors. 
Anesthesia: Bio10gical Fomdations, edited by 
Tony L. Yaksh et al. Lippùicotte-Raven Publishers, 
Philadelphia, PA, 1997) 



The hctionai cloning of the k t  non-NMDA gIutamate receptor subunit, GluRI, was 

reported h 1989 (Hollmann et al., 1989). In the subsequent year, three other subunits, namely, 

GluR2, GluR3, and GluR4, were identified t h u g h  PCR amplincation of cDNA h i e s  frmn 

rat brain mRNA ushg primer sequences h m  GluRl (Keinanen et al., 1990). These protein 

subunits share a 63-73% (of -900) amino acid sequence, and overall structural, homology 

(Keinanen et al, 1990) (Hollmann, Heinemann, 1994). An additional three subunits, GluRS, 

GIuR6, and GIuR7, are low affinity kahate-selective receptor subunits that do not assemble to 

form AMPA receptors (Bettler et al., 1990) (Egebjerg et al., 1991) (Sommer et al., 1992b) 

(Lomeli et al, 1992). 

The amino acid sequence of the GluR subunits determines the secondary and tedary 

structures of AMPA receptors. The subunit N-terminus is extracelluIar, and the C-teuninus, 

intracelluiar. This was determhed by experiments that Iocaiized endogenous and introduced N- 

glycosylation sites in GluRl and GluR3  hoh ha^ et al., 1994). Additional expaiments, which 

assessed the ability of a protease to digest a reporter group k d  to various residues of GluR3 

(Bennett, Dingledine, 1995), confirmed the tocations of the N- and C-termini. Three 

tfmsmembrane domains were identified (TMI, TM3, and TM4) with a reentrant membrane loop 

on the cytoplasmic side (TM.2) (Wo, Oswald, 1994) (Bemett, Dingledine, 1995). This 

positionhg of TM2 was also confianed through experiments that determined the accessibility of 

cysteine-substituted residues to sulfliydryl reagents applied to both the extracellular and 

intraceMar sides of the membrane &mer et al., 1996) (Kuner et ai., 1997). The TM2 domains 

of the GluR subunits constitute the pore of the AMPA receptor channel. 

1.1.2 TM2 of the GhR2 Subunit 

Two years after the cloning of the GluRl subunit, the same investigators discovered that 

coexpression of the GluR2 subunit with GluRl or GluR3 yielded kainate- or AMPA-actived 



or Glu= and 3 were ~a~+-penneable @ollmami et al., L991). In addition, the current-voltage 

0 relationships of GluR2-containing a d  GluR2-deficient receptors were Iinear and doubly 

rect-g, respectively. These experiments demonstrated the dominance of the GluR2 subunit in 

determining the ionic properties of the AMPA receptor. Concurrently, another group found that 

site-directed mutagenesis of a single amino acid residue (arginine to glutamine) at position 586 

in TM2 of the GluR2 subunit abolished the effects of the G 1 W  subunit on the W relationship 

(Verdoorn et al., 1991) and ca2+ pemeabillty of the resultant receptor-channels (Hume et al., 

1991). 

1.1.3 RNA Editing of the QLU Sire In TM2 of the GluR2 Subunit 

At position 586 of TM2 ofthe GluRl, 3, and 4 subunits, a negatively charged gIutamine 

(Q) residue is found. However, at the same site of the GluR2 subunit, a positively charged 

arginine (R) residue is expressed (Verdoorn et al., 1991). This positive charge in the pore loop 

contriïutes to the reduced divalent ion permeability and resistance to polyamine inhibition of the 

majority of AMPA receptors (Wshbuni et al., 1997). It was subsequently discovered that, in the 

genomic DNA sequences of aii the GluR subunits, a glutaxuiae codon (CAG) was found to code 

for the 586 residue. However, the GIuR.2 mRNA contains an arginine codon (CGG) at the 

corresponding transcripted site and RNA editing was proposed to be responsible for the pst- 

transcriptional alteration (Sommer et al., 1991a). The kainate-selective GLuRS and 6 subunits 

also undergo the same RNA editing (Sommer et al., 1991a). The mechanism for this editing was 

elucidated two years later, and found to be due to the nuclear editing of unspliced RNA by the 

ubiquitous nuclear enzyme, adenosine deaminase Wguchi et al., 1993). An imperfit inverted 

repeat in the 5' portion of intron 11 and an editing-site complementary sequence @CS) 

downstream of the exon, which encodes the segment including the 586 residue, are important in 

the RNA editing process. The intron-exon interaction mediated by these two regions foms an 
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RNA duplex that alIows positionally accurate and highlly efficient (>Wh) Q/R editing. These 

intronic sequences of uie GluR2 subunit contain eIements9 not found in the GIuRI, 3, and 4 

subunits, which account for the unique occurrence of Q/R editing in this AMPA receptor subunit 

(Hïguchi et al., 1993). The RNA editing is catalyzed by a dsRNA deaminase (I3iguch.i et ai., 

1993), ADAR2 (Rueter et al., 1999), which causes a site-selective adenosine conversion, 

Deamination of adenosine produces inosine, changing the transcript codon h m  CAG to CIG, 

Inosine base pairs as guanosine and, therefore, this codon is translated to arginine (Cm) in the 

resultant peptide (Seeburg et ai., 1998)- 

1- 1.4 GZuR2 Subun ft Levels of hkpression 

DEerent levels of expression of the Q/R edited GluR2 subunit variably affect ca2+ 

permeability, W rectification, and open channel block by externai polyamines (see below) 

(Washburn et al., 1997). The W rectification of AMPA receptors govemed by their internal 

block by polyamines is less sensitive to a reduction in GluR2 mRNA than are ca2+ Influx and 

extemal bIock by polyamines (Washbunr et al., 1997). In addition, the presence of the GluR2 

subunit in AMPA receptor complexes expressed in HEK 293 cens reduces the channel 

conductance evoked by kahate fiom 2.5 - 4 pS (in GluWb and G~UR~~ , ,~  homomeric teceptors) 

to ~0 .03  - 0.05 pS (Swanson et al., 1997). Sirnilarly, the three single chanwl conductance states 

for GIUR4 homomers evoked by AMPA and glutamate (7 - 8 pS, 15 - 16 pS, and 24 - 27 pS) 

were reduced to two lower conductance states (4 pS, and 8 - 10 pS) in heteromeric complexes 

and to one very low conductance state (0.21 - 0.36 pS) in homomenc GIWaip receptors 

(Swanson et al., 1997). Despite these conductance changes, homomenc GluR4 and heteromeric 

GluR4/GluR2 receptors did not demonstrate ciifferences in open-tirne, shut-time and burst-length 

distributions (Swanson et al., 1997). Thus, the level of expression of the GluR2 subunit 

influences the channel propertïes but not kinetic characteristics of AMPA receptors, 



L I S  Rip/FIop Splice 

The d o  acid 

extracellular side of the 

Vmimus in the TM34 Linket of the GluRI to 4 Subunits 

sequence joining TM3 with TM4, the TM34 M e r ,  is 

9 

located on the 

membrane (Bennett, Dingledine, 1995). Analysis ofthe 1 15 bp segment 

of cDNA, which encodes the 38 amino acids hmediately preceding TM4, indicate that this 

sequence exists in two versions which differ by 9 - 11 amino acids (Sommer et al, 1990). These 

two modules, named '%py7 and '%op", are encoded on adjacent exons (14 and 15) that are 

separated by an approximately 900 bp intron. The last codon on exon 13, encodiog R764, is 

spliced alternatively to exon 14 (flop) or exon 15 (flip) (Lomeli et ai., 1994). AItemative 

splicing of these intron-exon segments accounts for the expression of the GluR £lip and Bop 

forms. 

In generd, flop variants hcrease the rate and extent of desensitization (Sommer et al., 

1990) (Lomeli et al., 1994) (Mosbacher et al., 1994) (Lambolez et al., 1996). The GlWaOp and 

GluR4nop homomeric receptors showed a fourfold faster rate of desensitization than their 

respective f i p  variants; whereas, GluRlfl, and GIuRlfl, varÏants were not signincantly dBerent 

in their rates of desensitization (Mosbacher et al., 1994). Homomeric Gl1iR4~~ receptors were 

slow to desensitize, but GluR4flOP receptors showed rapid desensitization. However, deactivation 

time constants measitred for both G l ~ R 4 n ~  and G ~ U R ~ ~ ~  receptors were similar (0.6 k 0.1 ms) 

after a 1 ms application of glutamate (Mosbacher et al., 1994). GSuR2 homomenc receptors 

mediated very small currents that could not be measured. Combinations of flïp and flop variants 

of different subunits, in particdar, GluRlflb and GluR&, result in receptors with the kinetic 

traits of both constituents (Sommer et al., 1990). The combination of GLUR~~~,, with the subunit 

variants, GluRlflb GluR1flq, GLuI&,, and G ~ U R ~ ~ ,  but not G ~ U R ~ ~ , ,  resulted in 

dimeric receptors with greater desensitization time constants than their respective homomenc 

receptors. Nternatively, the desensitization tirne constants of AMPA receptors composed of 



G ~ U R ~ ~ ,  in combination with GIuRla, or G I U R ~ ~ , ,  but not the other subunit variants, were 

reduced (Mosbacher et al., 1994). 

1.2-6 RNA Editing of the WG site in the TM34 Linker of the GZuR2, GIuR3, and G M 4  

Subunits 

Another RNA edited site exists immediately precedïng the aitematively spiced rnoddes, 

fiip and fiop. A polymerase chah reaction @CR)-supporteci s w e y  of total RNA isolated nom 

adult rat brain reveaied that the flip and flop fonns of GluR2,3, and 4 exist in both glycine (G) 

and arginine (R) forms at positE0n.s 764,769, and 765, respectively (LomeIi et al., 1994). These 

positions conespond to the Iast amino acid encoded by exon 13 in each of the three subunits. 

The GluRl mRNA, however, exists in only the R version (position 757). The genes encoding 

the GluR2, 3, and 4 subunits orÏginally codes for R (AGA) at the R/G edited site, which is 

aitered to encode G (GGA) d e r  transcription, Again, an ECS, the intronic sequence 

complementary to the transcripted sequence surrounding the R/G edited site, was identifïed for 

the GluR2,3, and 4 but not GluRl subuuits, Therefore, the same mechanism of editing exists for 

the lUG site as for the Q/R site, likely, through a nuclear adenosine deamination of the dsRNA 

Patch clamp recordings from traosfected PC-12 ceUs demonstrated that WG editing 

decreases the rate and extent of desensitization of AMPA receptors fonned by fiip variants. The 

WG editing decreases or does not change desensitization of receptors formed by flop variants 

(Lomeli et al., 1994). More consistently, the deactivation (or recovery) rates of receptors, 

formed by either flip or flop splice variants, were enhanced by R/G editing (Lomeli et al., 1994)- 

Additional evidence that the TM34 linker is important in regulating receptor 

desensitization arises fiom mutations at the 750 residue- Serine (S) and asparagine (N) at 

position 750 are structurai detenninants of desensitk~Lon in GluRlnip and GluRlflop, 

respectively. Cyclothiazide and aniracetam, which enhance AMPA receptor iùnction, both have 

greater effects on the flip variant. Mutations at S750 affect the sensitivity of the resultant 
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receptors to these dmgs. The mutation S750Q imparts a resistance to the effect of cyclothtthtazide 

similar to that demonstrated by GluR6, a kaïnate receptor subuait (Partin et ai., 1996). Other 

residues in the TM34 linker, such as leucine at position 646 in GluRi (Uano, Teichberg, 1998), 

also affect desensitization. In addition, residues found elsewhere, such as leucine (L) at position 

507 in the SI-bhding domain of GIuR3, and L497 in GluRl (StemBach et al., 1998) may also 

have the same effect- 

1 1 7 Subunit Stoichiomem 

It is controversid whether the GInRI to 4 subunits combine to fonn tetrameric or 

pentamerïc AMPA receptors, A recent study concluded that AMPA receptors are pentamerk 

structures (Ferrer-Montiel, Montal, 1996). H o m o ~ c  and heteromentc receptors of two GluRI 

mutants were expressed in Xenopus oocytes in various ratios. The resultant receptors showed 

Werentially enhanced inhibition by phencyclidine (PCP) and dizolcipine (MK-801). The 

pharmacological sensitivity profiles of these receptors were more consistent with a pentarneric 

combination of subunits (Ferret-Montel, Montal, 1996). However, using a similar technique in 

which the wildtype GluRI subunit was coexpressed with a GluRl mutation that limited 

quisqualate-induced desensitization, another group of investigators favored a tetrameric structure 

of AMPA receptors (Mano, Teichberg, 1998). These investigators demonstrated an 

independence of the two subunits to quisqualate-induced activation and used a wildtype subunit 

in their experriments. In contrast, the Ferrer Montiel and Montal study used a single and a double 

mutant with different properties k m  the wildtype GluRl subunit This study was flawed since 

the mutant subunits differed fiom the wildtype GluRl and may have hteracted 

uncharacterkterically when compared with native AMPA receptor subuuits. In addition, when 

expressed in various ratiometric combinations, the independent contribution of each of the 

mutant wbunits to inhiiition by PCP or MK-801 was not demonstrated. The contribution of 

each subunit population to the resultant receptor and the observed responses was not estabfished. 



-s oversight dows  for the possi'biIity of non-stochastïc combinations and subunit interactions 

that alter the pmperties of the receptor, which confound the conclusion that AMPA receptors are 

pentameric structures. Therefore, AMPA receptor subunits Iikely combine in tetrameric 

complexes as suggested by Mano and Teichberg. 

A tetrameric structure was comborated by an elegantly designed, novel method of 

glutamate receptor subunit determination. This method involved the pretreatment of G1uIUnip 

homomeric receptors with a high dEnïty AMPA receptor inhibitor, 6-nitro-7- 

sdphamoyibenzo[flq~oxalinee2,3-&one (NBQX). Subsequently, these receptors were exposeci 

to saturating concentrations of an agonist, quisqualate, The examination of transition states 

passed by these receptors durhg the dissociation of NBQX and activation by quisqualate was 

used to determine the number of subunits involved (Rose~mund et ai., 1998). 

1.1.8 Ligand Binding Sires, The N-Terminus and TM34 Linker 

The N-termini of the AMPA receptor subunits have only 56 to 63% sequence homology. 

The area of approximately 150 amino acids that immediately precedes the TM1 region is referred 

to as SI. Along with a region in the TM34 m e r  called S2, these regions are believed to 

comprise the bi-lobed ligand-binding cores of the AMPA receptor. In particular, the R507 and 

4727 residues are the fünctional correlates of R77 and Nl6l in the bacterial 

lysine/arginine/ornithine binding protein (LAOBP) (Nakanishi et al., 1990) (O'Hara et al., 1993) 

(Kuryatov et al., 1994) (Stem-Bach et al., 1994). These residues are important in the direct 

interaction of the AMPA receptor ligand-binding core and the LAOBP with the a-carboxyl and 

a-amino group of the AMPA ligand (Lampinen et al., 1998). 

Four key residues, tyroshe(Y)450, threoTiine(T)480, ar@ine(R)485 and glutamic 

acid(E)705, are important detenainants for agonist binding to the GluR2 subunit SIS2 region. 

These residues are also important in interactions mediating ciosure of the binding domain upon 

the agonist (Armstrong et al., 1998). Therefore, different agonists associate in varying degrees 



with these residues, which affect the* binding strength with the AMPA 

AMPA and glutamate interactions 6 t h  the AMPA receptor may d o w  
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receptor. For exampIeF 

closure and, hence, higher affinity bmdin& than kainate (Amistrong et ai., 1998). 

The S2 region ais0 includes the flip/flop aiternatively spliced moduies and the WG RNA 

edited sites, which are important molecular detenninates for desensitization, ETowever, the S2 

region participating in ligand binding is thought to be independent of the areas mediating 

desensitization. Recently, a single point mutation in the N-temuaal SI, L507Y, of GluIUfl@ has 

been shown to eliminate desensitization (StemBach et al., 1998). Therefore, the pro-ty of 

the ligand binding and modulatory regions suggests that receptor desensitization may be directly 

related to the binding ofagonist, contrary to previous beüef. 

rii addition, the N-tenninus may contain regions, separate fiom the glutamate-binding 

regions that determine subunit specincity of the AMPA receptor assembly. Replacement of the 

N-terminus and TM1 of GluRl with that ofGluR6 greatiy reduced the association of GluRl with 

GluR2. This was determined to be due to the N-terminai sequence proximal to S1 (Leuscimer, 

Hoch, 1999). 

1.1.9 AMPA Recepfor Activation 

The elucidation of one binding domain in the GluR subunits suggests that each AMPA 

receptor may consist of up to four or five agonist binding sites. However, several fùnctional 

studies reveal that the activation of AMPA receptors requires two (Clements et ai., 1998) or three 

(Raman, Trussell, 1992) binding events. These are reflected in the Hill coefficients (nH) of the 

concentration-response cune fit to a standard Hill equation (Colquhoun, 1998). Therefore, the 

binding of agonist at the two or thrPe sites necessary for AMPA receptor activation may reduce 

the affinity of binding at the remainhg sites, which may be referred to as ccsilent" binding sites 

(Clements et al., 1998). 



1.1.1 O Splice V i imrs  rir the C - t e r m h  of the GZ& and Gl&4 Subunits 

Alternative splice van-ants, characterized by short and Iong forms of the C-terminus (ct), 

have been described for both the G I W  (GluR2ct) and G I a 4  (GluR4ct) (Gallo et al., 1992) 

(Kohler et al., 1994). The c&hm splice variants are important in the association of the subunits to 

proteins, such as PICKL ma et al., 1999) (Dev et al., 1999), which play a d e  in the clusterhg 

of AMPA receptors. The G l u R 2 ~ & ~  is the predominant variant (> 90%) in the murine brain 

(Kohler et al., 1994)- The short and long forms of the GluR4ct are difrentially expressed in the 

CNS; GluR4~&,,~~ is found in granule and Bergman0 #al cens in the cerebellum, whereas, 

GluR4ctlmg is expressed in Bergman glial cerebeliar ceIls and intemeurons in the forebraïn 

(Gallo et al., 1992). GluRl only exists in the long form and GluR3, in the short form (Gallo et 

ai., 1992) (Kahler et ai., 1994) (Hohann, Heinemann, 1994). 

1.1.11 Association of AMPA Receptors with IntracelIuIar Proteins, Tlte C-Teminus 

Mechanisms involved in exocytosis and endocytosis have recently ken imphcated in 

mediating changes in AMPA receptor numbers at the postsynaptic density that underiie LTP 

(Lledo et al., 1998) (Shi et al., 1999) or LTD (Carroll et al., 1999) (Luthi et al., 1999), 

respectively (Luscher et al., 1999). The interaction of vesicle and target SNARE complexes at 

membrane-membrane interfaces mediates exocytosis and endocytosis. The docking and hion 

of vesicles during exocytosis depends on the ATP-dependent dynamic complexing and 

dissociating of the N-ethylmaleimide-semitive fiision (NSF), soluble NSF attachent (SNAP), 

and SNAP receptor (SNARE) proteins (Lin, Sheng, 1998). Endocytosis requires other pmteins, 

such as clathrin, to coat the membrane that is eventuaiIy puiched off to form a spherical vesicle, 

and dynamin, a GTPase that binds amphyphysin and hydrolyzes GTP to f k 1  this process 

(Turrigiano, ). The interaction of the AMPA receptor anà, in particdar, the GluRî subunit with 

components of exocytosis and endocytosis may contribute to the dynamic cycling of these 
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glutamate receptors to and fbm the postsynaptic density, hence, a f f ' i g  glutamatergic synaptic 

Recently, several AMPA receptor-binding proteins and have been identifid h u g h  the 

yeast two-hybrid system. ui particular, the NSF protein, which plays an important role in generai 

membrane fimion events, interacts with the GIuR2ct and GluR3ct (O* weakiy) (Nishimune e t  

ai., 1998) (Osten et al., 1998) (Song et al., 1998)- In addition, a- and p-isofonris of SNAP, 

involved in the NSF-dependent membrane fiision pmcess, were shown to CO-immunoprecipitate 

and CO-Iocalize with NSF and the G l u . 2  subunit in dendrites (Osten et al., 1998)- NSF and 

SNAP bind GluR2 in the approximate proportions as their interaction with the target SNARE, 

syntaxin, whiçh mediates the fùsion of docked membranes presynapticaiiy (Osten et al., 1998)- 

This indicates that the complexes formed may be similar. The presence of hydro1yzable ATP 

dissociates the GluR2-NSF-SNAP complex (Osten et al., 1998) resembling the NSF disassembly 

of the SNARE complex through ATP hydrolysis (Soliner et al., 1993) (Hayashi et al., 1995). 

The sequence of amino acids at position 844 to 853 of the GluR2 subunit, KRMKVAKN- 

@/A)-Q, were found to be crucial for the NSF-GluR2ct interaction (Nishimune et al., 1998) 

(Osten et al., 1998) (Song et al., 1998). Decapeptides and anti-NSF monoclonal antibodies 

(mAB 2E5), which interfere with this binding and with NSF hction, decreased the amplitude of 

evoked AMPA receptor-mediated EPSCs by 58 - 77% when infiised into CA1 neurons of rat 

hippocampal slices (Nishimune et al., 1998). Simüar decapeptides i n t e d y  perfused through 

the recording pipette reduced sucrose-evoked mEPSC amplitudes by 24% (Song et al., 1998) and 

lower concentrations reduced spontaneous mEPSC frequency (but not amplitude) in rat 

hippocampal cultures (Noel et al., 1999)- 

In addition, inhibitors of NSF such as N-ethylmdeimide (NEM), wbich interfere with the 

NSF-SNARE binding, or botulinum toxin, which breaks down SNAREs, reduced long tenn 

potentiation (LTP) when uifused pre- or postsynaptidy (Lledo et al., 1998). LTP, a substrate 



for leamhg and memory, hes been thought to occur t h u g h  the Increased expression and 

insertion of AMPA receptors in the postsynaptic density (MusIeh et al., 1997) (Mainen et ai., 

1998) (Nayak et al., 1998) through an exocytic, membrane fusiondependent mechaniSm, 

Therefore, the GluR2-NSF-SNAP interaction has similarly ken postulateci to play a role in the 

membrane trafficking and deIivery of GIuR2i:ontainïng AMPA receptors to d e n M c  synapses 

(Lledo et al., 1998) @kas, 1998) (Lin, Sheng, 1998). 

An alternative role ofNSF as a "chaperone" protein rather than as a receptor tdficking 

protein has been proposed, The 5c~haperone" mode1 predicts that the GIuRî-NF interaction 

causes an ATP-dependent structurai change in GLuR2-contahïng AMPA receptors whïch 

modulates fast excitatory synaptic @ishirnune et al., 1998) (Osten et al., 1998) 

(Lin, Sheng, 1998)- 

Recently, the mechanisms of the endocytic trafficking of AMPA receptors have been 

explored. Constitutive clathrin-mediated endocytosis occurs in both GluRl and GluR2 

homomeric receptors, however, insului-regulated endocytosis was found to require the GluR2ct 

(immediately after TM4) (Man et ai., ). latter regulated endocytosis was also determined to 

be mediated by amphiphysin- and dyiaamin-activated clathrin-coated vesicles and shown to 

produce LTD by a mechanism similar to that of low fkquency stimulation-induced LTD (Man et 

al., ) (Wang, Linden, ). Therefore, the involvement of the AMPA receptor GluR2 in both 

exocytic and endocytic events strongly suggest a role of this subunit in the trafiïcking of these 

glutamate receptors. 

In addition to AMPA receptor traf€lcking, the GluR2 subunit has been shown to be 

important in the clustering of these receptors at the postsynaptic density. At the extreme end of 

the C-terminus of the GluR2 subunit, distal to the NSF interacting domain (amino acid positions 

844 to 853), are sites that interact with a group of proteins containing PDZ domains, named for 

PSD-95, DLG, and 20-1 proteins. The f b t  such protein identified through the yeast two-hybnd 
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system is the giutamate receptor interacting prote* type 1 (GRIPI), which interacts with the last 

7 amino acids in the GluR2 and 3ct (Dong et al., 1997). In partïcular, S880 is important for the 

binding of GluR2 to GRIPl (Dong et ai., 1997). The infiison of cDNA coastmcts ofthe last 50 

to 226 amino acids of the GIuR2ct disrupted the GIuR2-GRlP1 interaction and dramatidy 

decreased the amount of AMPA receptor clusters (Dong et al., 1997). Recentiy, a GRIP2 (&O 

called AMPA receptor binding protein, long variant wïth an additional seventh PD2 domain, 

ABP-L) protein has been identified which resembles GRIPl in distniution and interactions with 

GluR.2 and 3. Therefore, GRIPl and GRIP2 may play a role in stabiliPng or anchoring AMPA 

receptors sit postsynaptic sites in both excitatory and inhibitory neumns (Rozov et al., 1998). 

Another PDZ domain-containhg protein, closely related to GRIP, is the AMPA receptor- 

binding protein (ABP). ABP has k e n  found to associate with the last 13 amino acids of the 

GluR2 and 3ct (Snvastava et al., 1998). The synaptic 1Ocalization of ABP, and binding of tbïs 

protein to GREY indicate that these PDZ-containhg proteins interact with the GluR.2 and 3ct and 

have a role in the locaiization or regdation of AMPA receptors (Snvastava et al., 1998). 

Sünilarly, PICK1, a third PDZ domain-containing protein that binds the a-subunit O£ 

protein kinase C (PKCa), has been shown to interact with the short spüce variants of the GluR2, 

3, and 4ct (Xia et al., 1999) @ev et al., 1999). PICKl bindùig to the GluR2ct occurs at the last 

10 amino acids, probably at the ESVlW motif, which associate with the PD2 binding domain 

T/SXV (Dev et al., 1999). The interaction of PICKl with the GluIUct is also important in 

AMPA receptor clustering ma et ai., 1999). 

The binding of GluR2 to PDZ proteins may explain differences in the clustering of 

AMPA receptors in pyramidal neurons, which have an abundant GIuR2 expression ( K e k n  et 

al., 1990), and GABAergic intemeurons, which have a decreased expression of the GluR2 

subunit (He et al., 1998) (VissavaJhala et al., 1996). The different anchoring propertïes of 

receptors in these newons were demonstrateci by the redistribution of AMPA receptor clusters to 



non-synaptïc sites in inte~~leutons when actin binding was dlsnrpted,- whereas, diffuse dimon 

of AMPA receptors occurred in pyramidal nemns under the same conditions. As weil, 

detergent extraction of AMPA receptors was ineffective in hterneurons, but effective in 

pyramidal neurons, which also suggests that a n c h o ~ g  of these receptors vary with cell type 

( U s o n  et ai., 1998). GluRl tagged wïth green fluorescent protein (GluR1-GFP) had a diffuse 

uitmceilular distri ion, with iow intensity labeling in the dendritic spines and SW, when 

transfected into hippocampai cuihired neurons, However, tetanic stimulation of the neuronal 

membrane induced a rapid NMDA receptor activationdependent clustering of GIuRi 

homomeric channels in dendritic spines where few ifany AMPA receptors existed before (Shi et 

al., 1999). GluRZGFP, however, showed coLlStitutIve clustering in dendritic spines, as did 

GluRl conshucts with the GluIUct (Hayashi et al., 1999). These data indicate that the clustering 

and anchoring of GluR2deficient and -containhg AMPA receptos occur through different 

mechanisms. GluR2-contaitting AMPA receptor clustering and amhoring may involve the 

protein associations of the GluR2 subunit- 



1.2 AMPA RECEPTOR PHARMACOLOGY 

1.2-1 Agonisrs 

L-Glutamate is the endogenous excitatory neurotransmitter that activates both NMDA 

and non-NMDA receptors (Patneau, Mayer, 1990)- Before AMPA was found to be the selectïve 

agonist of the AMPA subtype of non-NMDA receptor, quisqualate was known to activate these 

receptors. AMPA, glutamate, and quisqualate evoke a rapidly desensiizing current h m  AMPA 

receptors, whereas, kainate-evoked curtents desensitize very rapidly but to a lesser extent 

(Patneau et al., 1993). Although AMPA and kainate receptors are named for their selective 

agonists, kainate, a potent neurotoxin, also activates AMPA receptor (Boulter et al., 1990) 

(Patneau, Mayer, 1991) (Keinanen et al., 1990). 0th- neurotoxins, domoic acid (Patneau, 

Mayer, 1990) and B-N-methylamino-L-alanine (Rakonczay et al., 1991), are also AMPA 

receptor agonists. AMFA-Lice compounds such as (RS)-2-amino-3-(3-hydroxy-5- 

trifluoromethyl-4-isoxazolyl)propionic acid (TrÏ-F-AMPA), (RS)-2-amino-3-(3-carboxy-S- 

methyl4isoxazolyl)propionic acid (ACPA) (Wahl et al., 1996), and (S)-2-amino-3-(3-hydroxy- 

5-phenyl4isoxazolyl)propionic acid ((S)APPA) (Ebert et al., 1994) also potentiy activate 

AMPA receptors. Another class of compounàs, the willardiines (1-(2-amino-2- 

carboxyethy1)pyrimidine-2,4-dione), such as 5-fluorowillardiine, are very potent, desensitizing 

agonists of AMPA receptors (Wong et ai., 1994). Although selective, AMPA agonists describeci, 

thus far, are not AMPA receptor specific, 

1.2.2 Cornpetr'tive Antagonists 

The quinoxahes and quinoxalinediones, such as DNQX, 6-cyano-7-nitro- 

quinoxahedione (CNQX) and NBQX, are competitive antagonists of both AMPA and kainate 

receptors (Honore et al., 1988). NBQX @Cso 60 nM) is more potent than CNQX (ICso 400 nM) 

(Stein et al., 1992). However, unlike CNQX, the potency of NBQX depends on the agonist 



@aïnate > glutamate > AMPA) (Lambolez et 

compounds aiso inhr'bit kaïnate receptor bindïng 
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ai,, 1992) (Stein et al., 1992). Ail of these 

Another class of cornpetitive autagonists is the decahydroisoquinoiines, such as 

LY293558 (Schoepp et ai., 1995) (BIeakman et al., 1996) and YMWK (Ohmori et al., 1994) 

which aIso have varying degrees of AMPA versus kainate selectivity. 

More recently, AMPA receptor-selectîve competitive antagonists have been discovered- 

The phosphono analog of AMPA, ~S)-2-amino-3-[5-tert-butyl-3-(phosphonomethoxy)4 

isoxazo1ylJ pmpionic acid (ATPO), competitively inht'bits recombinant AMPA receptors but not 

kainatte receptors (Wahl et al., 1998). 

2 3  Non-Cornpetitive Antagoniits, Neguîive Alloste& Modulators 

An important group of non-cornpetitive antagonists are the 2,3-benzodiazepines, such as 

GYKI52466 (Tlonevan, Rogawski, 1993) and GYKI53655 (LY300168), wbich unIike the 1,4- 

benzodiazepines do not act on GABAA receptors but enhance desensitization of the AMPA 

receptor (Zorumski et al., 1993). These compomds show high selectivity for M A  compared 

to kainate receptors (Wilding, Huettner, 1995) (Bleakman et al., 1996). The positive AMPA 

receptor dosteric modulator, cyclothiazide (Zorumski et al., 1993) (Palmer, Lodge, 1993) 

(Johansen et al., 1995) (Bleakman et al., 1996) (Rammes et al., 1996), decreases the potencies of 

2,3-beozodiazepines suggesting that these two classes of dmgs have a common site of action. 

An analog of the 2,3-benzodiazepines, CMF-2 (Chimim et al., 1997), and S m 2 0 6  ((ir)4(4- 

aminopheny1)-1,2-dihydro-1 - m e t h y l - 2 - p r o p y c b o y l - 6 , - m e y e e o h a z i d e )  are also 

potent negative allosteric modulators acting on the same site (Pelletier et al., 1996). 

Aithough thiocyanate increases the high afEnity binding of AMPA (Nielsen et ai., 1988) 

(Honore, Drejer, 1988), this dnig dso affects the transition between the closed and desensitized 

states (Kessler et al., 1996). The action of this dnig is sensitive to changes at the 5750 residue, 

immediately preceding the aiternatively spliced modules. Thiocyanate is a negative aiiosteric 
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modulator of native, GluRlfi,-containhg AMPA receptors and homomeric GluRls receptors. 

This dnig enhances the desensitization of these receptors @owCe, Smart, 1993) (Arai et al., 

1995) et al., 1996). In conûast, thiocyanate positively modulates homomeric GluRla, 

receptors by inhiiiiting receptor desensitization (Partin et al., 1996)- 

Endogenous negative allosteric modulators of AMPA receptors include protons, which 

inhi'bit these receptors at a pH of 6.0 (Christensen, Hida, 1990) (Traynelis, CulI-Candy, 1990) 

(TrayneIis, Cd-Candy, 1991) (Traynelis et al., 1999. However, the sensitivity to protons is far 

greater in NMDA receptors (GotdÏï& ChesIer, 1994) (Saybasili, 1998) compared with AMPA 

receptors. 

1-2-4 Posi~eAllostenCModulators 

Cyclothiazide belongs to the benzothiadiazides class of dnigs which also hcludes 

diazoxide and DRA-21 (7chloro-3-methyl-3,4-dihydto-2H-1,2,4 benzothîadiazide). These 

positive modulators of the AMPA receptor stabilize the desensitized state, thereby, prolonging 

the rate of desensitization (Patneau et al., 1993) (Partin et al., 1996). As demonstrated for 

thiocyanate, cyclothiazide is aiso sensitive to mutations at the S750 residue of GluRlflip, which 

influence desensitization and the activity of this dnig as a positive AMPA receptor rnoàulator, In 

addition, cyclothiazide has greater effects on desensitization and deactivation of the GluRlnip 

variant compared to GluRlfl, (no effect) as measlired in outside-out patches (Partin et al., 1996). 

Altematively, aniracetam, a pyrrolidone (as are piracetam and 1 -BCP, 1 -(1,3- 

benzodioxol-5-ylcarbony1)pipendlne), enhances AMPA receptor fiulction by dowing the rate of 

deactivation (Vyklicky et al., 1991) (Hestrin, 1992) @arbour et al., 1994) (Partin et al., 1996) 

(Isaacson, Nicoll, 1991). These drugs do not affect the desensitization time constant and their 

effects are not infiuenced by mutations at the S750 residue which stabilize the desensitized state. 

In addition, aniracetam affects the deactivation of the GluRlfi, variant more than GluRln, 

measured in outside-out patches (Partin et al., 1996). 
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Other compounds such as 4-[2-CphenyIsuLfotlyIamino)ethylthio ]-2,6-diauoro- 

phenoxyacetamine (PEPA) also potentiate AMPA receptor responsesY but with a selectivity for 

flop splice variants (GluR3 > GluR4 > GluRL). The EC50 value for potentiation at GluIUa, by 

PEPA is 50 pM (SekIguchi et al., 1997)- 

Endogenous positive allosteric modulators of AMPA receptors (see review (Bleakrnan, 

Lodge, 1998)) include Zn+ (Mayer, Vyklicky, 1989) (Mayer et al., 1989) (Rassendren et al., 

1990) (Drelxler, Leonard, 1997), which is released fkom glutamate containing vesicles @Cie, 

Smart, 1991) and influences both excitatory and iabiiitory neurotransmission (Sieghart, 1995). 

1-2-5 Uncornpetitive Antagonists 

The spider toxins, joro spider toxin, Nephila toxin, and argiotoxin, have a common 

structure consisting of a poiyamine chah with a positively charged terminal amino group and an 

aromatic side chah. These structurai components allow the toxins to non-competitively inhibit 

native ca2+-permeable AMPA receptors (Savidge, Bristow, 1998) (Meucci et ai., 1996) and 

homomenc or heteromenc receptors formed by flip or flop variants of GluR1,3, and 4 subunits 

(Blaschke et al., 1993) (Herlitze et al., 1993). Importantly, spider toxin inhibition of AMPA 

receptors is agonist-, voltage- and dose-dependent (Herlitze et al., 1993). Combinations of 

GluR2 with the other subunits, such as GluR1, at ratios greater than 4: 1 (GluR2:GluRI) (Herlitze 

et al., 1993) (Meucci, Miller, 1998) reduces the ability of the toxins to inhiiit the resultant 

receptors. However, at this tranfection ratio, expressed AMPA receptors are less sensitive to 

inhibition by spider toxins, but have a relatively high ca2+ permeabîEty (Meucci, Miller, 1998). 

This indicates that the reduced spider toxin inhibition of AMPA receptors is very sensitive to an 

increase in the level of GluR2 subunit expression; whereas, the reduced ca2+ permeabiiity of 

AMPA receptors requires a greater level of GluR2 expression. Furthemore, mutation at the Q/R 

edited site at position 586 of the GluR2 subunit abolishes the resistance of this subunit to the 

inhibitory effects of these toxins; whereas, replacement of the Q at this site with R or asparagine 
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(N) in the GluR1,3, and 4 subunits causes resistance of the d t a n t  receptors to inbibiti'on by 

the spider torrlns (Blaschke et al,, 1993) @erlitze et al.,. L993). These data strongly suggest that 

the positively charged spider t o x k  bind to a site wïthin the pore of the AMPA receptor in the 

absence of  the GluR2 subuni& which has a positively charged R, rather than a negatively charge 

Q at position 586, that repels these toxhs. However, there are other molecular detenninants for 

the effects of the spider toxins since subunit selective sensitivities for inhibition exit: G1uIUn, 

> G1uRlfl, > GLUR~~, » GIUR~~, to JSTX (Blaschke et al., 1993); GluIUfl, > G l ~ R l q  > 

GluR.lfl, » Gl-, to argiotoxin merlitze et al, 1993). 

Because spider toxins are polyamines, other naturally o c c d g  and synthetic 

polyamines, such as spermine and spermîdine (more potentiy, the larger acylated poIyamines, 

HPP-spehe and HPA-spennidine), also effectively inhibit catffpermieabe AMPA receptors 

(Washbum, Dingledine, 1996). The characteristics of this polyamine inhibition are similar to 

that previously discussed for the spider toxins. 

Polyamines cause a similar inhibition of AMPA receptors when placed extracelldarly or 

intracellulady (Donevan, Rogawski, 1995). Dialysis of the cytoplasmic constituents of cultured 

hippocampal embryonic rat neurons, which includes endogenous polyamines, abolished the 

rect@ing W relationships displayed by these cells. However, replacement by including 

spennine in the recording pipette or prevention of intemal polyamine dialysis by using 

perforated patch whole ceU recordings precluded this effect on rectification. The internal and 

extemal polyamine inhibition of AMPA receptors are diaerentially influenced by the abundance 

of GluR2 subunit expressed, suggesting that these sites are distinct (Washbum et al., 1997). In 

addition, GluR3 mutant receptor-chamels (D616N or Q612N), in which the negative carboxyl 

groups are replaced, have reduced aff?nity to intemal polyamine block but still exhibit strong 

voltage-dependent inhibition by external polyamines (Washburn et al., 1997)- These data 

suggest that intracellular polyamines have an important physiological role in regulating the 



rectification of AMPA receptors, which is unique h m  the inhi'bition by extemai polyamines 

(Bowie, Mayer, 1995) (Donevan, Rogawski, 1995) (Romv, Buniashev, 1999)- 

Another substance that ex- an uncornpetitive inh'bition of AMPA receptors m*th 

selectivity for certain subunits is Evans' Blue dye, which blocks homomeric and heteromeric 

receptors containhg GIuRl, 2, and 4 but not homomeric GluR3 receptor-charnels (Keiier et al., 

1993) @%ce, Raymond, 1996)- 
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1.3 M A  RECEPTOR DEVELOPMENT AND DISTRIBUTION IN THE ADULT 

CENTRAL NERVOUS SYSTEM 

I.3-1 AMPA Receptor Subunirs riz the Forebrafn and HIndbrain 

[ 3 ~ ~ ~ ~ ~  binding matches the expression of the four mRNAs in the telencephalic 

regions. However, [qkainate binding is m d y  confined to hippocampal CA3 areas, deep 

layers of the cerebral cortex, stciatum and reticular thalamic nuclei (Keinanen et al., 1990)- 

In the rat hippoçampus, in situ hybridization using 45-nucleotide antisense probes to 

AMPA receptor mRNAs demonstrated that, in the cortex, a difference of GluRI, 3, and 4 

expression occurs between layers; whereas, GluRî is unifonnly expressed in alI layers 

(Keinanen et al., 1990). In the hippocampus, GluRI, 2, and 3 are abundant in the pyramidal cell 

layer and dentate gym. In contrast, GluR4 levels are relatively high in CAL and Low in the CA3 

and CA4 regions (Keinanen et al., 1990). The thalamus expresses GluR4 most ubiquitously, but 

a l i  levels of subunit mRNAs were low (Keinanen et al., 1990). h the cerebelium, GluR.2 is 

present in high levels in Purkinje and granule, but not Bergmann glial ceiis. G~uRL, however, îs 

expressed in Bergmann glial, as weil, as Purkinje cells, G l W  is expressed in purkinje, stellate- 

basket, and Golgi type II cells, but not in grande and Bergmann glial ceIls- GluR4 is abundantly 

expressed in granule cells, some steliate-basket and Bergmann glial ceiis, but not Purkinje celis 

(Keinanen et al., 1990). 

Glutamatergic neurons and GABAergic intemeurons in the cortex and hippocampus 

differ in their expression of the GluR2 subunit. Although older studies conclude that the GluR2 

subunit is absent fiom intemeurons or other non-pyramidal neutons (Letanth et al., 1996) 

(Petralia et al., 1997a) (Kondo et al., 1997), more recent studies suggest that this subunit is 

present, albeit in lower levels of expression (He et al., 1998) (Vissavadjhala et al., 1996). These 

imaging data account for the ca2+ penneability of AMPA receptors found in basket ceus of the 

rat dentate gym (Koh et al., 1995). 



1.3.2 M A  recepfor SuGmls i i z  the SphZ Cord 

GlüR2 expression is very prevalent in the dorsal hom of the spinal cord (Furuyama et al., 

1993), partidarly in lamina II and GluRI and GluR3 expression were moderately seen in 

these areas, whereas, GluR4 expression was low- The NRi subunit of the NMDA receptor aIso 

showed low expression in the dorsal hom. In contrast, NR1, GluR3 and 4 are more prevalent in 

motor neurons than GluRl and 2, which showed Iow and moderate expression, respectively 

@uruyama et al., 1993)- Other studies also confirm that motor neurons in the spinal cord 

normally have a low expression of the G l W  subunit (PeW-a et al., 1997a) (Momson et al., 

1998) ( W ï a r n s  et al., 1997). Therefore, GluR2-containhg AMPA receptors may be important 

in normal spinal sensory processing and Iess important in motor response processing, 

Consistent with this postulate, intrathecaily-applied argiotoxin (AR636), an 

acylpolyamine toxh that selectively inhibits GluR2-deficient AMPA receptors, was shown to 

have a greater effect on motor inhibition (ECSo = 2 pg) than sensory inhibition @Cso = 7 pg) 

(Herold, Yaksh, 1992). Inhibition of AMPA receptors by intrathecal injection of 6-cyano-7- 

nitro-quinoxalinedione (CNQX) produces dose-dependent and reversible analgesic eEects on 

tail-flick tests in mice (Nasstrom et al., 1992). Therefore, AMPA receptors, particularly GluR2- 

containing AMPA receptors, are important in spinaily meàiated nociception. 

3 3  Q/R Edited GlidU Munit  Fxpression 

The GluRî subunit mRNA Q/R site is >99% edited at birth (Sommer et al., 199Ia). This 

efficiency of Q/R editing ensures that the majority of AMPA receptors expressed in the forebrain 

have a reduced caZf permeabiiity. 

1.3- 4 FIip/2;1op Subunit Vmant Eqpressions 

In siru hybfidization of rat hippocampus using antisense ~Iigonucleotide probes for 

GluRl, 2, 3, and 4 flip mRNA showed tbat these variants were expressed at high levels in the 

cortex and hippocampus on postnatal &y 1. However, flop variants which dernonstrate low 



Ievels of expression untiI postnaîai day 7, rapidly increased at day 7 to 15, and showed a graduai 

M e r  increase between day 15 and aduithood Wonyer et al, 199 1) (Standley et al., 1995). The 

flop variant of GluRl to 3 has a developmental pattern closely resembhg the formaiion of 

excitatory synapses, except in the CA3 region of hi'ppocampus, whkh containS. low Ievels of 

expression ofthis variant (Standley et al., 1995). At postnatal day 8, GluR2 flop mRNA appears 

in the CA1 region; whereas, GluR1, 3 and 4 flop mRNA is not present untii postnataL &y 12. 

The GIuR3 flop variant is present in intemeurons of the CA1 region and in the pyramidal ceiis of 

the CA3 region by postnatal &y 8 (Monyer et al., 199 1). FIop variants are co-expressed with 

fiip forms in many cells. 

1-3.5 WG Edited Subunit mression 

In rat brai .  WG editing of flip variants of GluR2, 3, and 4 increase graduaily h m  

embryonic day 14 to postnatal &y 42 ( b m  5 - 27% to 50 - nearly 100%). Editing of the R/G 

site in fiop variants similady increased h m  10 - 75% to 85 - 90% in the same pend of 

development (Lorneli et al., 1994). 



1-4 EXCLTATORY SYNAPTIC NEUROTRANSMISSION MEDLU'ED BY 

IONOTROPIC GLUTAMATE RECEPTORS 

L4.I  N m A  Recqtor Structure and Function 

NMDA receptors are tetrameric (Behe et ai., 1995) (Laube et al., 1998) or pentameric 

(Brose et al., 1993) (Premkumar, Auerbach, 1997) ionotropic glutamate receptors composeci of 

specinc subunits, narnely NR1, NR2A to D, and NR3A (Hollmann, Heinemann, 1994) 

(Duigledine et al., 1999). At the neuronal resting membrane potential, the NMDA receptor 

channel is blocked by physiologicai concentrations of M< (Johnson, Ascher, 19906) and, 

therefore, is inactivated Depolarkation of the neuronal membrane causes the release of the 

M&+ block (Johnson, Ascher, 1990b) and allows the activation of NMDA receptors by the 

endogenous agonist, glutamate, and glycine CO-agonist. The higher potency for glutamate of 

NMDA receptors compared with AMPA receptors (Patneau, Mayer, 1990) ailows the relatively 

prolonged binding and activation of NMDA receptors during the presence of agonist in the 

synaptic cleft (Barbour et al., 1994). This in combination with slower NMDA receptor channel 

kinetics (desemitization) result in a prolonged time course of NMDA receptor-mediated current 

in response to released neurotransmitter (Hestrin et al., 1990). Hence, NMDA receptors mediate 

a delayed component of the excitatory postsynaptic current with slower rise and decay times. 

The NR subunits share a 25 - 29% sequence homology with the GluR subunits 

(HoLlmm, Heinemann, 1994) and are assumed to have the same topobgy with an extraceUular 

N-terminus and intracellular C-terminus (Hollmann, Heinemann, 1994)- 

The NR1 subunit can form homomenc receptors and is expressed in all neuronal NMDA 

receptors found ubiquitously in the CNS (Monyoshi et al., 1991) (Shigemoto et al, 1992). The 

N-terminus of the NRI subunit, highly homologous to that of the GluR submits, contains the 

ligand-binding site with high glutamate riffinity and L-aspartate specificity. Its C-terminus 

contains PKC phosphorylation (Tigley et al., 1997) and calmodului binding sites (Zheng et ai., 
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1999) (Zhang, HuganU-, 1999). Post-bansIatiod modification of NMDA receptors by PKC, 

protein kinase A (PU), caimodulln kinase II (CamKQ, and tyrosine phosphorylation bave been 

described @olfmann, Heinemann, 1994) (Dingledine et al., 1999)- h addition, the C-terminus 

associates with the intracellular protein, yotiao (Lin et al., 1998), neuronlaments @hiers et ai., 

1998), and PSD-95 proteins (O'Brien et  al., 1998) which are important In receptor cIusterïng and 

receptor locaihtion at the postsynaptic denslty- 

The NR2 subunits, which canwt form homomerïc receptors nor heteromeric receptors 

with other NR2 subtypes, are CO-expressed with the NRI subunit (Ikeda et al., 1992) (Kutsuwada 

et al., 1992) (Meguro et al., 1992) (Monyer et ai., 1992)- Expression of the NR2 subunits with 

NR1 eliminates the ability of the NMDA receptor CO-agonist, glycineJ to directiy activate these 

receptor-chamels (Kutsuwada et al., 1992) (Meguro et al., 1992). 

nie nse and decay t b e s  of cunent mediated by NMDA receptors are subunit dependent. 

NRlINR2C receptor-mediated currents have slower decay times relative to that of NRl/NR2A 

receptors (Monyer et al., 1992). Similar subunit dependence is seen in NMDA receptor single 

channel conductance- NRl/NRSA and NRl/NR2B receptors have higher conductance levels (38 

pA and 50 pS) than NRI/NRîC receptors chamels (19 pS and 38 pS) (Stem et al., 1992). 

DEerent combinations of these subunits also affect the potency of several voltage- 

dependent uncompetitive antagonists, 2n2+, (+)ML80 1, and M ~ ~ ' ,  which bind to sites within the 

ion permeation pathway of the NMDA receptor (Ikeda et al, 1992) (Kutsuwada et al., 1992) 

(Monyer et al., 1992). The amino acid residue N595 of the NRl and NR2A subunits is located 

in the pore of the NMDA receptor. This position is equivalent to that of the GluR2 QfR edited 

site and is the molecuiar determinant for the uncompetitive inhibition by M ~ ~ +  and MK-801, but 

not ~ n +  (Burnashev et ai., 1992) (Mon et al., 1992) (Sakurada et al., 1993). Sensitivity of 

NMDA teceptom to the cornpetitive antagonist, 2-amino-4-phosphonovaleric acid (MV), shows 
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nibunit selectïvity (NRI/NIUA > NRI/NLUB > NRl/NRZC > NRl/NR2D) (Ikeda et al., 1992) 

(Kutsuwada et al., 1992)- 

Although the NRi subunit has widespread distriiution h the CNS, the NR2A to D 

subunits Vary in expression patterns- NR2A has sunilar distfibutlon to NR1, but NR2B is found 

ody in thalamus, amygdda, hypothaiamus, brainstern and cerebeilum, and NRZC only in 

granule cells of the cerebeilum (Kutsuwada et al, 1992) (Meguro et al., 1992) (Monyer et al., 

1992). Lastly, NR2D is found in brainstem, cerebellurn, and the olfàctory bulb (Nakanishi, 

1992)- 

2 AMPA and NMDA Recepfor Co-LocaIizatron at Synapses 

AMPA and NMDA receptors, ~unogold-labeled with monoclonal anti-GlW 

antibody and polyclonal antï-Mt1 antibody, respectively, were shown to CO-locaIize in dendntic 

shafts and spines of both non-GABAergic and GABAergic neurons in the CA1 region of adult 

rat hippocampus (He et al., 1998). Most labeling occurred at postsynaptic sites, which contained 

both G I W  and NR1, however, a smali proportion of clusters contained only GluR2 or NRl . 

A developmental change in AMPA receptor expression at synapses provides evidence of 

"silent" synapses, which decrease in proportion during development (Petralia et al., 1999b) (Liao 

et al., 1999). Monoclonal and polyclonai antibody staining revealed that after 1 week in culture, 

hippocampal neurons had NMDA receptor clustering at dendrïtic sbafts with 53% expression at 

synaptic sites, whereas, AMPA receptors were di-ely distributed throughout. M e r  2 weeks in 

culture, 94% of NMDA receptors were localized at postsynaptic sites, but only 36% of these 

receptors were CO-localized with clustered AMPA receptors. At three weeks in culture, 59% of 

NMDA receptors CO-Iocalized with synapticdy clustered AMPA receptors. Imrnunogold- 

labeling showed similar results. Throughout development, NMDA receptor localization was 

observed at 62 to 70% of al1 synapses. However, GluR1-labehg increased graddy  between 

postnatai day 2, day 10, and 5 weeks (16,28, and 50%, respectively); whereas, GluR.2 or 3 was 
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expressed in many more synapses at 5 weeks (postnatal day 2 = 44%, day 10= 38%, and 5 weeks 

= 75%) (Petralia et ai., 1999b). During this phase of development, the number excitatory 

synapses increased fkom 52-93 to 541-61 1 (PetraIia et al., 1999b). Iahi'bition ofNMDA receptor 

activity by APV increased the fünctional expression of NMDA receptors but decreased the 

number of AMPA receptors resdting in an increased proportion of "silent" synapses (Liao et ai., 

1999). Inhibition of AMPA receptor activlty with CNQX increased the number of AMPA 

receptor-containhg synapses reducing the proportion of "dent" synapses h m  45 to 28% (Liao 

et ai., 1999)- These results suggest that AMPA receptor clustering at syiiapic sites, where 

NMDA receptors are expressed, may require NMDA receptor activation. Moreover, AMPA 

receptor-mediated excitatory neurotransmission Iikely occurs later in development 

1.4.3 Dual Cornpanent ficitatoty Postsynaptic Currents 

Excitatory synaptic activity is important in synaptic plasticity, which involves processes 

such as long-term potentiation (LTP) and depression (LTD). LTP is a proposed neutal substrate 

for learning and memory. AMPA receptors may play a siginincant role in mediating LTP (Nayak 

et al., 1998) (Mahanty, Sah, 1998) (Shi et al., 1999) and LTD (Carroll et al., 1999) Gutbi et al., 

1999), and moddating synaptîc strength. In addition, excitatory neurotransmission may pIay a 

role in maintaining the structurai integrity of neuronal dendritic spines (McKinney et al., 1999) 

(Engert, Bonhoeffer, 1999) (Maletic-Savatic et al., 1999) which may contribute to LTP and 

synaptic maturity. 

Postsynaptic AMPA and NMDA receptors mediate responses to presynaptidy released 

glutamate during excitatory neurotransmission. After the release of glutamate into the synaptic 

clefi, the activation of AMPA receptors facilitates an influx of ~ a +  ions and depolarization of the 

neuronal membrane- This depolarization dows subsequent glutamate activation of NMDA 

receptors- 
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Dual-component evoked excitatory postsynaptic currents (eEPSCs), consisting of a 

dominant fast and smaiier slow componenG have been descn'bed in principal excitatory neurons 

(Hestrin et al., 1990) (Cl* Collingridge, 1995) and granule ceils (Keller et ai., 1991) (Jonas et 

al., 1993) fiom rat hippocampus- Seiectïve antagonists, APV and CNQX, were used to isolate 

the non-NMDA and NMDA receptor-mediated components, respecttkely. The non-NMDA 

component, thought to be entirely mediated by AMPA receptors (Partin et al., 1993) Patneau et 

al., 1993) (Koh et al., 1995), consists ofa rapid, voltage-independent rise tuw (0.5 - 1.9 ms) and 

a fast single exponentiai decay tirne constant (3 - 9.5 ms) (Hestrin et al., 1990) Keller et al., 

1991) (Jonas et ai., 1993). This is due to the rapid gating ofAMPA receptors (Colquhoun et al., 

1992) (Paas, 1998). In contra& the NMDA component shows a refatively slower, voltage- 

insensitive rise time (4 - 20 ms) and prolonged, voltage-sensitive, mono- and bi-exponential 

decay tirne coIlStants (ri = 60 - 150 ms; ri = 67 - 84 ms and t2 = 330 - 354 ms; respectively) 

(Hestrin et al., 1990) (Keller et al., 1991) (Peroiiansky, Yaari, 1993). Spontaneous (sEPSCs) and 

miniature (mEPSCs) excitatory postsynaptic currents recorded in the absence or presence of the 

voltage-gated ~ a +  charnel inhibitor, tetrodotoxin (TTX), respectively, similady show fast 

components with sirnilar decay time constants as the eEPSCs (2.6 - 9.9 ms) (Hestrin, 1992) 

(Atassi, Glavinovic, 1 999). 

Inhibitory intemeurons have simila dual component eEPSCs. These have been 

described in CA1 hippocampal intemeurons (Ikrouansky, Yaari, 1993), where the NMDA- 

receptor mediated component shows faster decay t h e  constants (q = 34 ms and r+ = 213 ms) 

than in pyramidal neurons. Isolated AMPA receptor-mediated sEPSCs recorded in pyramidal 

and aspiny intemeurons in the cortex show sirnilar rise times (1.9 ms and 2.7 ms, respectively), 

but a faster decay in the inhiiitory intemeurons (2.5 ms versus 4.6 ms in pyramidal neurons) 

(Hestrin, 1993). Miniature EPSCs recorded from hippocampal CA3 intemeurons ais0 reveal an 

AMPA receptor component with rise times 0.8 - 1.8 ms and decay time constants 4.1 - 7.3 ms, 
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and a NMDA receptor component with rise time 1.2 - 7.8 ms and decay tirne constants 4.6 - 58 

ms (McBaIn, Dingiedine, 1993)- 

The dual component eEPSCs in principal excitatory neurons were M e r  investigated by 

manipulations of neurotransmitter diffusion and uptake, and open channe1 penneability of 

NMDA receptors (Hestrin et al., 1990). The decay phase of AMPA, and both rise and decay 

phases of NMDA receptor-mediated eEPSCs were sIowed by decreasing temperature; glutamate 

uptake inhibitors did not change the decay of the NMDA component. In addition, NMDA 

receptor open charnel blockers, MK-801 and ketamine, reduced the amplitude and decay tune 

constant of the NMDA eEPSC. The slow channel kinetics of NMDA receptors most likely 

contributes to the prolonged decay of the NMDA component of the eEPSC; whereas, either 

channel kinetics or desensitization of AMPA receptors is responsible for the decay of the faster 

component. 

Brief (1 ms) glutamate-evoked responses fiom hippocampai principal excitatory neurons 

have fast rise times (0.2 - 0.6 ms) and offset decay tirne constants (2.3 - 3.0 ms) which were 

fourfold more rapid than desemitization time constants (9.3 - 1 1.3 ms) measured during longer 

applications (100 ms) (Colquhoun et aL, 1992). Concurrent studies of brief glutamate 

appücations and mEPSC recordings in rat visual cortical neurons show that the decay rate of 

mEPSCs (2.6 ms) reflets deactivation (2.0 ms) rather than desensitization (7.8 ms, fast 

component) of AMPA receptors (He- 1992). Aniracetam prolonged the decay of the 

mEPSC (Hestcin, 1992) due to effects on prolonghg the closing rates of AMPA receptor- 

channels (Vyklicky et al., 1991) (Parth et ai., 1996). Several studies supporting this notion have 

been descriid. These show that the inhibition of glutamate uptake fkom the synaptic clefi 

results in an enhancement of the peak amplitude and an alteration in the decay of AMPA 

receptor-mediated eEPSCs or mEPSCs (Otis, Trussell, 1996) (Diamoncl, Jabr, 1997) (Matsui et 

al., 1999). However, modulation of AMPA receptor desensitization by cyclothiazide 
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inconsistently suggests either an e f f i  (~tassl, G I ~ o v i c y  1999) or no effect ( H j e l m d  et al, 

1999) of this dnig on the decay of the eEPSC or mEPSC. The EPSC decay is dependent on 

AMPA receptor desensitintion when high levels of glutamate are released or delayed clearance 

of this agonist occurs within the synapses studîed (Trussell et al., 1993). 

1.4.4 &citatory Postsynaptic Cwents  Follwing Ischemic Injury 

Pathological increases in glutamate release foIIow ischemic or hypoxic neuronal injury 

(Choi, 1992). As a result, alterations in excitatory synaptic transmission, particularly in the 

AMPA receptor-mediated component may be expected. These alterations may also be due to 

concomitant GIuR2 nibunit downregulation (see section 1-62). In rats subjected to transient 4- 

vesse1 (bilateral interna1 carotid and vertebrd artery) occlusion, NI vivo electrophysiological 

recordings of evoked excitatory postsynaptic potentials (eEPSPs) fiom surviving CA1 

hippocampal neurons were reduced in peak ampütude and dope at >24 hours after repemision 

(Gao et al., 1998). In addition, these neurons displayed a decreased spontaneous action potential 

f i ~ g  rate and synaptic activity, due to reduced synaptic efficiency, up to 36 to 48 hous post- 

ischemia (Gao et al., 1999). In gerbil hippocampai slice subjected to transient ischemia, sEPSCs 

fiom CA1 pyramidal neurons had a slowed tirne course with increased decay time constant, but 

no changes in frequency or peak amplitude at 1 to 2 days pst-insuit (Tsubokawa et al., 1995). 

These spontaneous currents showed greater sensÎtivity to Joro spider toxin and naphthyl acetyl 

spermhe, which are more selective for ca2+-penneable, relatively GluRî-deficient AMPA 

receptors (Tsubokawa et al., 1995). Single channel recordings fiom the ischemîa-dtered AMPA 

receptors revealed higher chord conductance (Tsubokawa et al., 1995) consistent with a GIuR2 

subunit deficiency (Swanson et al., 1997). Reduction of GIuR2 expression by antisense 

oligonucIeotides infused into the cochlea decreased the compound action potentiais and 

spontaneous activity recorded fiom the rat auditory nerve in vnto (dlAldin et al., 1998). In 

addition, in vitro whole ceIl recordings in hippocampal CA1 pyramidal neurons h m  GluR2 n u  
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muîant mice, which do not express the GIuR2 subunic demo~l~ttated eEPSCs with reduced 

AMPA component rise h e s  and peak amplitudes due to postsynaptic changes (Jia et ai., 1996) 

simiIar to those seen in post-ischemic models (Gao et aL, 1998)- Therefore, GluRî subunit 

expression in AMPA receptors may be important for maintainhg normal fast synaptic 
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1-5 INHIBITORY SYNAPTIC NEUROTRANSMISSION MEDIATED BY IONOTROPIC 

LIGAND-GATED RECEPTORS 

Just as glutamate is the major excitatory amiw acid nemtraasmitter, y-aminob-c 

acid (GABA) and glycine are amino acid neurotransmltters that act on Iigand-gated postsynaptic 

receptors to mediate synaptic inhibition in the CNS. GABA acts at ionotropic GABAA and 

metabotropic GABAe receptors to mediate inhibitory postsynaptic currents (JPSCs). Glycine 

acts at ionotropic glycine receptors to mediate IPSCs primarily in the spinal cord- GAEAA and 

glycine receptors are proteins fkom the same superfamily (Betz, 1990) and have simiTar structure 

and anion-selective permeability. Activation of GABAA and glycine receptors dows the influx 

of mainly Cl- ions (Ozawa, Yuzaki, 1984) which hyperpolarizes the neuronal membrane leaving 

the cell less responsive to subsequent excitation. 

Anesthetics bhd to and m o d e  the fhction of GABAA and glycine receptors. These 

d o n  permeable chamels are thought to contribute to the behavioral effects of these 

neurodepressive dmgs and, hence, the structure and hct ion of the GABAA and glycine 

receptors are briefly reviewed, 

1-5.1 GABAA Receptors in Mediating Fast Inhibitory Neurotrull~ntis~~On 

The GA& receptor is an ionotropic ligand-gated receptor that belongs to a different 

f d y  fiom the glutamate receptors. The GABAA receptor is assembled nom a presumed 

pentameric combination (reviewed in (DeLorey, Olsen, 1992) @avies et al., 1997)) of 16 known 

subunits (al-6, p 1-4, yl-3, 6, ir, and E) (pl-2 subunits are found in GAB& receptors). Each 

subunit has a basic structure consisting of four trammembrane domains (TM1 to 4) with an 

extracellular glycosylated N-terminus, shoa C-terminus, and htracelluiar TMD34 Linker that 

contains phosphorylation sites (reviewed in ( B a  Kamatchi, 199 1) (DeLorey, Olsen, 1992)). 

The TM2 of the five subunits involved in forming the GABAA receptor are thought to contribute 

to the chamel of pore (DeLorey, Olsen, 1992) mu, Akabas, 1993) (Kuhse et al., 1995). Ofthe 



subunifSt a, p, and y subtypes are hciuded in the majoety of native GABAA receptors 

WcKeman, Whitïng, 1996). 

The subunit composition of GABAk receptors detennines the physiology and 

phannacology of these receptor-channels. There are at feast I l  bmding sites whlch aliow de 

activation or modulation of GABAA receptors (reviewed in (Johnston, 1996) (Sieghart, 1995))- 

These sites show subimit-selective binding for GABA, bicuculline, picrotoxin, barbiturates, 

alphaxolone, propofol, chlormethiazole, i'nhalational anesthetics, Zn: ~ a ~ + ~  Ro5-4864 (4'- 

chloro-denvative of diazepam), and benzodiazepines, Direct agonists of the GABAA receptor 

include GABA, muscimol (MeZikian et al., 1992), barbiturattes (Rho et al., 1996), aiphaxolone 

(Callachan et al, 1987) (Majewska, 1992), propofol (Hara et al., 1993) (Orser et ai., 1994), 

inhalationai anesthetics (Moody et al., 1988) (Longoni et al., 1993), and LZL~+ (Ma, Narahashi, 

1993)- Furthemore, barbiturates, alphaxolone, propofol, inhalationai anesthetics, 

chIonnethiazole, and benzodiazepines enhance GABA-evoked responses at the GABAA receptor 

through alteration of the receptor channe1 kinetics. Bicuculline (competitively) (01s- 1982) 

(Bormann, i988), picrotoxin (uncompetitively) (Olsen, 1982) (houe, Akaike, 1988) (Inornata et 

ai., l988), Ro5-4864 (Gee, 1987), and Z d  (Celentano et al., 199 1) inhibit GABAA receptors. 

Subunit-labelhg studies show heterogeneity of M A A  receptor expression in the adult 

rat brain. The most prevalent combination is the al432 or 3/y2 triplet, which is sometïmes also 

associated with additional subunits, namely a2, a3, or 6 (F~itschy, Mohler, 1995). These seven 

subunits make up the majority of GABAA receptos. Combinations lacking the P2 or 3 subunit 

occurred in a minority of neurons (Fritschy, Mohler, 1995). The hippocampus, particularly the 

CA1 pyramidal neurons, consists of neurons stainïng strongly for a2, a5, P2 and 3, and y2 

subunits, moderately for the al subunit, and weakly for the a3 and 6 subunits (Fritschy, Mohler, 

1995). Intense Iabeling of the al subunit, but weaker stahing of the P2 and 3, and y2 subunits, 



are found in CA1 and CA3 intememns (Gao, Fritschy, 1994)- Thk indicaies a hetemgeneity of 

GABAA receptor subtypes between principal excitatory and inhibitory neurons in the 

hippocampai formation- 

GA& receptors mediate fast inhibitory neurotr-ssion and are found at 

postsynaptic type II synapses which do not have prominent postsynaptic densities. The fl3 

subunit of the GABAA receptor contains a sequence homologous to the glycine $ subunit that 

interacts with gephyrin, a protein that CO-localizes with glycine receptors at the inhihitory 

synapse (Triiier et al., 1985) (Triller et al., 1993). Gephyrin interactions with glycine receptors 

are thought to be important in a n c h o ~ g  these receptors to the cytoskeleton @or et ai., 1992) 

(Kirsch et al., 1996) by binding to tubulin ( K k h  et al., 1991). The GABAA 83 subunit is also 

CO-expressed with gephyrùi (Kirsch et al., 1995) (Sassoe-Pognetto et al., 1995) (Triller et al., 

1987) (Todd et al, 1995a) (Todd et aL, 1996b) suggesting an additionai role for this protein in 

the anchoring of GABAA receptors at postsynaptic sites- 

Isolated spontaneous IPSCs are recorded in the presence of the metabotropic GABAB 

receptor inhibitor, saclofen or CGP35348. GABAe receptors are also activated by GABA and 

mediate a delayed, slow component of the IPSC. GABAA-mediated spontaneous PSCs have a 

monoexponential decay tirne constant of 4.2 - 8 ms (Collingridge et al., 1984) (Mody et al., 

1991) (Otis, Mody, 1992). However, GABAA-evoked IPSCs (eIPSCs) have a voltage-dependent 

biexponentiai decay with a fast component (3 - 8 ms) and a slow component (30 - 70 ms) 

(Pearce, 1993)- These elPSCs are blocked by bicuculline. 

1.5.2 Glycine Receptors in Mediating F a t  Iiibitory Neurotransmission 

Glycine receptors belong to the same superfdy of Ligand-gated ionotropic receptors as 

GABAA receptors, These receptors are also presurnably pentameric structures (Langosch et ai., 

1990) consisting of combinations of 5 available subunits, al to 4 and B (Grenningloh et al., 
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1990) (Grenningioh et al., 1990). Most native receptors consid of homomeric a2 subunits 

prenatally and switch to predominantly heteromeric alf3 subunits in adult animals (Rajendra, 

Schofield, 1995)- 

The phannacology of glycine receptors is dso subutlitdependent, The resistance to 

picrotoxh inhibition of glycine receptors is dependent on a key residue, E290, in the TM2 

segment of the Q subunit (Pribiila et al., 1992). h contras& the enhancement of glycine receptor 

bc t ion  by anesthetics, such as propofol, alphaxaIone, pentobarbital, and the volatile agents, ïs 

dependent on the a subunit @ownie et al., 1996) (Mascia et ai., 1996) (Mihk et al., 1997). 

Glycine receptors are found prenatally and postnattaliy in hippocarnpal neurons (Fatima- 

Shad, Barry, 1992) (Cherubini et al., 1991) (Shuasaki et al., 1991) and may contn'bute to 

inhibitory postsynaptic potentids (IPSP) or IPSCs recorded ùi these ceiis (Alger, NicoU, 1980) 

(Collingridge et al., 1984) (Mües, Wong, 1984) (Biscoe, Duchen, 1985). Miniature IPSCs 

(mIPSCs) are recorded in hippocampal neurons at holding potentials Iess than -60 mV and 

greater than +80 mV (Alger, Nicoii, 1980) (Fatima-Shad, Barry, 1992). The majority of mIPSCs 

recorded in hippocampai celi grown in culture were inbi'bited by IO pM bicucullùie, and 

deterrnined to be mediated by GABAA receptors. However, occasionally bicucuiiine fded  to 

abolish the mIPSCs in some cells. In these cases, 10 nM strychnine proved effective in 

inhibithg the residual mIPSCs, which were glycine receptor-mediated (Fatima-Shad, Barry, 

1992). The m[PSCs recorded in this study had decay time constants of approximately 26 rns and 

rise times of 3 - 5 ms. Therefore, at hyperpolarized and depolarized membrane potentials, 

glycine receptors may mediate some fast IPSCs in hippocarnpd neurons. 



1.6 AMPA RECEPTOR IN PATHOLOGICAC DISEASES 

1-6. I Ejccitotomkity and the h l v e m e n t  of AMPA Receptors 

Glutamate exposure and the activation of NMDA and AMPA or kaittate receptors are 

involved in ischemic brain injury and the pathogenesis of various CNS diseases (Rothman, 

Ohey, 1986) (Choi, 1988). Cellular overlosd of ca2+ Ieading to ischemic brain damage 

(MacDennott et al, 1986) (Choi, 1992) (Choi, 1995) is due largely to the influx of ca2+ ions 

through NMDA receptors. This neuronal excitoxicity cm be inhibiteci by NMDA antagoaists 

(Simon et ai., 1984) (Wieloch, 1985) (Aibers et al., 1992), despite concurrent ca2+ entry through 

voltage-gated ca2+ channels and reverse operation of ~ a + f c a ~ +  exchmgers, as weif as, ~ a + -  

mediated neuronal swelling after influx through activated AMPA receptors (Chi, 1988) 

(Nicholis, Athvell, 1990). In addition, briefexposuces to NMDA caused rapid death of cuitured 

neurons; whereas, hours of exposure to saturathg kaulate are required to cause the same damage 

(Choi, 1992) (Lee et ai., 1999). This suggests that the ca2+ influx through NMDA receptors is 

the major component of excitotoxic neuronal injury. 

The anchoring of NMDA receptors is important in the ca2+ influx-related injuries 

mediated by these receptors. Disruption of actin and PSD-95 associations with the NMDA 

receptor reduces neuronal excitotoxicity by NMDA and glutamate (Sattier et al., 1999). Ln 

addition, ischemia causes a reduction in NMDA receptor responses by increasing extraceMar 

protons (Tang et al., 1990), Z d  (Chen et al., 1997) (Wallis et al., 1995), and oxygen fke radicals 

(Aizenman et al., 1989). Direct effects of increased intracellular ca2+ causes NMDA receptor 

downregulation through dephosphorylation by the cal+-activation of calcineurin (Tong et al., 

1995) and ca2+-dependent deactivation mediated by calmodulin (Zhang et al., 1998). This Limits 

the role of the NMDA receptor in mediating neurotoxicity. 

Under these ciK:umstances, glutamate neurotoxicity may be rnediated by AMPA 

receptors. Increased extracellular acidity inhibits both NMDA (Goeed,  Chesler, 1994) 
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Cd-Candy, 1990) 

or bdow decreases NMDA receptor-mediated injury (Giffard et al., 

1990), AMPA-induced ceU death is paradoxicaliy potentiated (McDondd et al., 1998). During 

AMPA-induced neurotoxicity at a pH of 6.6, AMPA receptor-mediated neuronal depolarïzation 

causes ca2+ ions to enter the celi through voltage-gated ca2+ channels or ~a+/ca'+ exchmgers 

(NMDA receptors were inhibited by ML801 in these experïments), AMPA receptors were aIso 

an uniikely source for ca2+ entry since few AMPA receptors in cortical cultures are normally 

ca2+-permeable, unless GluR2 downregulation bas occurred (see section Z-62). This enhanced 

AMPA neurotoxicity is preventable by NBQX and is thought to be caused by an attenuated 

redistribution of elevated intracellular ca2+ not seen d e r  an NMDA-induced ca2+ influx 

(McDonald et al., 1998). Thetefore, glutamate-induced AMPA receptor-medïated neuronal 

excitotoràcity may occur in states during brain injury when NMDA receptors have been 

downmodulated. 

Administration of AMPA receptor antagonists protect against neuronal death in both 

globd (Pulsinelli et al., 1993) (Sheardown et al., 1993) and focal ischemia models (Buchan et al., 

1991) (Smith, Meldnim, 1992) (Smith, Meldrum, 1993)- These antagonists are effective for 

preserving CA1 hippocampal, cortical, strïatai, and cerebeilar cells &er giobal ischemia when 

NMDA receptor antagonists are ineffective (Sheardown et al., 1990) (Buchan et al., 1991)- 

However, AMPA receptor antagonists may be neuroprotective by causing hypothemia rather 

than by the inhibition of AMPA receptors (Nurse, Corbett, 1996). 

AMPA receptors in the forebraZn normally have low ca2+ permeability, however, a 

GluR2 subunit downregdation may increase the proportions of highly ca2*-permeable AMPA 

receptors expressed (see section 1-62). Despite this, the ca2+ permeability 

GluR2-deficient AMPA receptor is not nearly as great as that through 

through relatively 

NMDA receptors 
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programmed ceii death is ûiggered, dong 

in (Lee et al., 1999)). Apoptosis leads to 

delayed neuronal death, but only 180 - 240 n M  of htracelIular ca2+ is rquired to inhibit this 

process (Koike, Tanaka, 1991). However, p a t e r  than 5 pM of intracellula-r ca2+ is requued to 

trigger necrotlc ce11 injury d e r  glutamate exposure (Hyrc et al., 1997). Therefore, there may be 

a window within these ca2+ set points7 where injury is prevented, raising the poss'bility that 

GluR.2 downregulation is neuroprotective rather than injurious. 

1.6.2 The GZuR2 Hypothesis and Ischemia 

Foiiowing transient global cerebral or forebrain ischemia in rats and guinea pigs, there is 

an approxirnately 70% downregulation of GluR2 mRNA expression in hippocampai CA1 

neurons 24 to 48 hours d e r  injury (Peliegrini-Giampietro et al ,  1992) (Gorter et al, 1997). 

This process did not involve changes in edithg of the GluR.2 subunit ( h p  et a(., 1996). 

Dowaregulation of GluR2 expression results in AMPA receptors which Iack the G f W  subunit. 

These receptors mediate an additional source of ca2+ entry into the pyramidal neurons (Gorter et 

al., 1997) and are sensitive to inhibition by Joro spider toxin (Tsubokawa et al., 1995) and 

NBQX (Pellegrini-Giampietro et ai., 1994a). The additional ca2+ idlux into neurons through 

GluRZdeficient AMPA receptors may contribute to their delayed death (Kirho, 1982) 

(PulsineUi et al., 1982). This sequence of events is known as the "GluR2 hypothesis" (reviewed 

in (Pellegrini-Giampietro et al., 1997)) - 
In support of the GluR2 hypothesis, in vivo antisense hockdown of GluR2 subunit 

expression in gerbils resulted in a 30% reduction in G i W  mRNA lashg approxïmately 12 

hours. This was shown to coincide with a 50% Ioss of neurons in the CA1 region of the 

hippocampus 48 hours after the final antisense treatment (Oguro et al., 1999). This neuronal loss 

diminished to 10% with concurrent administration of CNQX and naphthyl spermhe, indicating 



that GluRZ-deficient AMPA receptors were respoll~~ible for mediating the injury (Oguro et al., 

1999). 

In addition, a brief exposme of rat hïppocampal neurons to oxygen-glucose deprivation 

resulted in the increase of Gl1&4~, subunits in CA1 hippocampal neurons, which aliowed 

expression of relatively GIuRZ-deficient AMPA receptors with hcreased ca2+ pemieabilïty and 

increased sensitivity to Joro spider toxin inhibition (Ylng et al,, 1997)- Therefore, Ïn two models 

of injury thought to underlie pathological plocesses occurring during massive stroke, head injury 

or cardiac arrest, relative downregulation of GluR2 subunit expression is shown to cause ca2+ 

permeabiiity through AMPA receptors and thought to promote vulnerability to excitotoxic 

neuronal death. 

Similarly, foilowing kainate-induced statu epilepticus in adult rats, there was 

downreguiation of GIuR2 and Glu523 subunit expression in the CA3 and CA4 regÏons of 

hippocampus at 12 and 24 hours &et insult (Friedman et al., 1994)- This downregulatïon is age- 

dependent (Friedman, Veliskova, 1998) and is thought to contribute to delayed neuronal loss 

foilowing seinires. In contras< rat pups are highly susceptiile to seizures but resistant to 

kainate-induced GluR2 dovwnregulation and neuronal loss (Aibala et al., 1984) (Nitecka et al., 

1984). When GluR2 mRNA antisense was infhed in Pl3 or older rats, spontaneous seizure 

activity and CA3 hippocampal neuronal loss occurred. No behavioral or histological changes 

occurred with GluRî mRNA antisense in P8 rats, suggesting an age-dependent susceptibility to 

epileptogenesis, G l W  downreguiation, and neurodegeneration (Friedman, Veliskova, 1998)- 

The pathophysiology of other neurological diseases is also thought to involve the 

glutamatergic system, in which the concurrent GluR2 subunit downregdation has been 

implicated as a mechanism for neuronal injury. AIthough no changes in GluR2 expression were 

demonstrated in the hippocampus of Alzheimer's disease patients post-mortem (Pellegcini- 

Giampietro et al., 1994), reduced GluR2 mRNA was detected by reverse transcriptase-PCR in 



the mdaI temporaï lobe and hippocampai C M ,  CA4, dentate gyms, and subiculum areas in the 

brains ofschimphrenics (Eastwood et aI., 1997) (Eastwood et aI, 1995). 

Despite the seemuigly W o r m  explanation provided by the GluR2 hypothesis for 

delayed neuronai death in various neurological insults and diseases, severai h e s  of evidence 

seem to contradîct this proposed mechanism of Injury. Firstly, GluR2 n d  mutant mice which 

have AMPA r~ceptors with a ninefold increased ca2+ pemeability compareci to vddtype 

receptors, do not show neuronal loss (Jia et al., 1996). However, transgenic mice overexpressing 

G1Wn, subunits had larger Infarct areas to mïddIe cerebrd artery occlusion and greater cortical 

neuronal death by glutamate excitotoxkity (Le et ai., 1997). In addition, studies which 

demonstrate that the postischemic downregulation of the GluR2 subunit correlate with an 

enhanced neuronal death (Pellegtini-Giampietco et al., 1992) (Gorter et al., 1997) (Oguro et al., 

1999) suggest that the detrimental effects are related to an acute change in GluR2 subunit 

expression rather than to chronic changes. 
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1-7 MECHANISMS OF ANESTHESIA AT A MOLECULAR AND CELLULAR LEVEL 

1.7.1 General Background 

Anesthesia is a behavioral date consisting of hypnosis or obtundation, amnesia, 

anaigesia, and Immobiiity (Antogninï, Carstem, 1998). Despite the tremendous fkqpency of 

anesthetic administration for medical and surgical procedures world-wide, the exact 

rnechanisn(s) by which anesthetics cause nemodepression remains elusive. The study of 

anesthetic mechanisms attempts to relate behaviorid effects to cellular and molecular sites of 

action. However, such studies are greatly lïmited by the complexities of the CNS with respect to 

mechanisms underlyîng nonna1 physiological processes such as consciousness, leaming and 

memory, and pain perception. 

hvestigative interest in cellular and molecular aspects of anesthetic mechani- began 

with the Meyer (1899)-Overton (1901) theory, which proposes that the action of anesthetics is 

primarily at non-polar sites, such as the lipid bilayer or hydrophobie regions in protein 

constituents of neuronal membranes. In a 1984 landmark paper, Franks and Lieb describe the 

interaction of volatile anesthetics with a pure soluble protein, luciferase. Concentrations of 

anesthetic that inhibited the activity of luciferase by 50% (Kso concentrations) were within 

clinically relevant values for effecting neurodepression (Franks, Lieb, 1984a). This theory that 

anesthetics interact stereospecificdly with protein receptors in neuronal membranes has 

identifïed a large variety of voltage-gated and Ligand-gated ionotropic receptors that are 

modulated by both inhalational and intravenously administered anesthetics (Franks, Lieb, 1993) 

(Fr&, Lieb, 1994) (Danjels, Smith, 1993) (Pocock, Richards, 1993). 

Since anesthetic agents have such diverse and multiple sites of action, many investigators 

have been prompted to shidy the effects of anesthetics by molecular, cellular, or pharmacological 

manipulations in more complex systems, such as in brain siices or on rnammalian behavioral 
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endpoints- These investigationai appmaches may be helpîki in eIucidating rnolecdar 

determlnants, which affect mesthetic endpoints in the whole organism. 

1.7.2 Barbiturates: Climkai Uses and Relevant Concenfrutions 

Barbiturates are derivatives of barbihc acid, first synthesized in 1864 h m  

condensation of urea and malonic acid However, it was not until the tum ofthe 20' century that 

the hypnotic and anticodsant propertïes of barbiturates were discovered (Richter, Holtman, 

1982). As CNS depressants, barbiturates have found widespread cliuicai use for the induction of 

general anesthesia, Nedepression by barbiturates is dosedependent for behaviorai endpoint 

measures, such as  the loss of the comeal refïex, the rïghthg reflex, =action to noise stimulus, 

reaction to constant taÏL pressure, and movement to tail-cIamp, studied in rats (Gustafsson et al., 

1996). In addition, the anesthetic potencies ofdifferent barbiturates vary with respect to the dose 

required to cause the loss of nghting reflex in mice (thiopental> secobarbital> hexobarbital> 

pentobarbital> arnobarbital > phenobarbital > barbital) (Richter, Holtman, 1982)- These rank 

order potencies facilitate the search for a site of action of barbiturates, as the relative potency of 

barbitunite effect on some in vitro process shouid be the same as for the in vivo endpoint Also, 

the cirug concentration required for an in effect should be simila. to the tissue levels 

attained after the administration of a drug dosage sufEcient for the desired in vivo effects. Rat 

brain levels of pentobarbital has been measured at 50 pM at the loss of the righting reflex 

(Hoitrnan, Richter, 198 1) and at 160 j M  approximately 30 min &er 50 mgkg administered 

intraperitoneally. Brain tissue levels of pentobarbital at equilibrium are threefold greater than the 

unbound fiaction in plasma, but silnilar to total plasma levels in rats (Richter, Holtman, 1982). 

Therefore, total plasma levels of barbiturates are a good estimate for clinicaliy relevant 

concentrations. 
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1- Z.3 Bditurates: Efects on AiUPA R ~ c ~ ~ ~ o T s  

In a behaviorai experiment, NBQX, the non-NMDA antagonist, prolonged the duration of 

the loss of righting reflex in rats caused by Inttapentoneally administered hexobarbital @ail et 

al., 1993)- Other in vi îm biochemicai studies reveded that kahate and quisqualate-induced, but 

not NMDA-induced, ~ a +  efflux h m  rat strïatal sIice was inhiibited by barbitmates and aicohols 

(Teichberg et al., 1984). These data suggest that AMPA receptor inhibition may be involved 

barbiturate anesthesia. 

ElectrophysioIogical studies using whole ceIl patch cIamp techrilkpes aitowed the study 

of postsynaptic ligand-gated receptors in isolation. The activity of excitatory glutamate-gated 

receptors, particularly AMPA receptors, is inhibited by barbiturates (Miljkovic, MacDonaId, 

1986) (Marszalec, Narahashi, 1993) m a k u r a  et al., 1995)- Miljkovic and MacDonald 

(Mïijkovic, MacDonald, 1986) described the voltage-dependent inhi'bition of kainate-induced 

currents by pentobarbital. Pentobarbital preferentiaiiy inhtiited kainate-induced currents by 60 

and 7296, as opposed to L-aspartate induced currents, at the clinically relevant concentrations of 

150 and 200 phi, respectively, in murine hippoçampal cdtured neurons. In a subsequent study, 

the use-dependence of the pentobarbital inhibition of AMPA receptors was demonsttated 

(Marszalec, Narahashi, 1993). The ICso for pentobarbital inhibition of the 40 p M  kainate- 

induced current was 50 in cuitured rat cortical neurons. Tavema and associates (Taverna et 

al., 1994) showed that recombinant AMPA receptors expressed in Xenopus laevis oocytes which 

lacked the G l W  subunit were less sensitive to pentobarbitd inhiibition than those containing the 

GluR2 subunit (IC5() of 1 13 1 - 1977 pM versus 180 - 202 m. In addition, GluR2-deficient 

AMPA receptors had a higher apparent cwperativity of barbiturate molecdes for the inhibition 

of kahate-evoked current, Hence, the sensitivity to anesthetics depends on the subunit 

composition of these receptors- Furthermore, the Q/R edited site of the GIuR2 subunit is 

important molecula. determinant for pentobarbital inhibition (hmakura et al., 1995) since 

the 

the 
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ICm for edited recombinant receptors is lower than that for unedited combinations (45 pM versus 

880 - 1080 pM)- Therefore, the Q/R edited site of GluR2-containing AMPA receptors is 

important for barbiturate inhibition ofthese receptm-channeIs. 

Barbiturates cause a decrease in the ampiinide of excitatory postsynaptic potentiais 

(EPSPs) (Weakly, K969) (Kullmann et ai., 1989). This is thought to be mediated through a 

presynaptic mechanism by which a reduction in glutamate release (POCO& Richards, 1993) 

occurs possibly due to the inhibition of ca2+ influx through N-typ~ voltage-gated calcium 

channels (Miller, 1987) (Gross, Macdonald, 1988). Therefore, barbiturates may d u c e  fast 

excitatory neurotransmission through both presynaptic and postsynaptic mechanihanisms. 

1-73 Bmbi~urates: Effects on GAMA Receptors 

The release of inhibitory neurotransmitter, GABA, is variably affected by barbiturates 

(Pocock, Richards, 1993) while the barbiturate-induced enhancement of postsynaptic GA& 

receptors has been consistentiy reported (Nicoll et aL, 1975) (Schol£ie1d, 1978a) (Baker, 

Ransom, 1978) (Schoffield, l98Ob) (Gage, Robertson, 1985) (Robertson, 1989). 

Pentobarbital increases the aff?nity of GABA-binding to GA& receptors (WIIIow, 

Johoston, 1981) (Thyagarajan et al., 1983), thereby potentiating GABA-evoked currents 

(Robertson, 1989) and prolonging Uihibitory postsynaptic potentiais (Nicoîi et al., 1975) 

(SchoEeld, 1 978a) (SchoEeld, l98Ob) (Gage, Robertson. 1985)- Pentobarbital shifts the GABA 

concentration-respome relationship to the left (Baker, Ransom, 1978). Barbiturates enhance the 

hc t ion  of these inhi'bitory receptors at lower concentrations than that requiied to inhibit AMPA 

receptors. For example, only 10 pM of pentobarbital causes a 50% potentiation of current 

evoked by 1 pM GABA (to a maximum 350% potentiation) (Aguayo et al., 1994); whereas, 50 

p.M pentobarbital is required to inhibit a 300 ph4 kahate-evoked current by 50% (Joo et al., 

1999). Pentobarbitai at a concentration of 100 pM reduced the ECso of GABA-evoked currents 
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fiom 30 to 4 pM (Parker et ai., 1986)- This effect on GABh receptors is a result of an increase 

in single channel open times rather than an hcrease in fkequency of openings, as seen with 

berzzodiazepines (Study, Barker, 198 1). Furthemore, barbiturates, unlike benzodiazepines, have 

the ability to h t l y  gate GABAA receptor-chamels with an ECSO for pentobarbital of 330 p M  

(Rho et al., 1996). The direct gatihg of GABAA receptors is a mique property of general 

anesthetics, such as barbitunites, and is thought account for the ability of these drugs, but not 

benzodiazepines, to cause unconsciousness- 

The subunit composition is Important to the anesthetic sensitivities of GA& receptors. 

Recombinant GAE& receptors were studied in various expression systems. High aff?nity 

benzodiazepine binding requires the a subunits (Pritchett et al., 1989), particularly a2 and a3 

(Pritchett et al., 1989) (Pritche~ Seeburg, 1990), and the effects of benzodiazepines are 

modulated by changes in the subtypes of the y subunit (PUa et ai., 1 99 1) (Ymer et al., 1990)- In 

contrast, the action of generai anesthetics, such as barbiturates, at the GA- receptor does not 

require a y subunit (Pritchett et al., 1988) (Hill-Venning et al., 1992). The P2 subunit, and P3 to 

a lesser extent, is required for barbiturate positive modulation (Haffis et al., 1999, but not for 

direct activation (Amin, Weiss, 1993), of GABA* receptors. The a subunit has an effect on both 

affin@ and efficacy of pentobarbitai activation (a6 > a5 > a3 > a2 > a l )  (Thompson et al., 

1996). The subunit dependence of barbiturate enhancement of GABAA receptor h c t i o n  is 

complex and not yet M y  characterized. 

Barbiturates cause a dose-dependent potentiation of inhibitory postsynaptic potentids 

(IPSPs) and cunents (IPSCs) (Scholneld, 1978a) (Schoffield, 1980b) mody mediated by 

postsynaptic mechanisms (described above). 



Bwbitura&es: Effects at Other Sites 

Although barbituratees also inhibit voltage-gated ca2+ channels (Nishi, Oyama, 1983) 

(Nishi, Oyama, 1983) (Werz, Macdonald, 1985) (Gundersen et al., 1988), the ICso concentrations 

for this effect (pentobarbital ICso of 400 p.M - 1 mM) are in excess of that m-d during 

generai anesthesia (Gundersen et al., 1988)- Muscle nicotùiic acetylchohe-gated ionotropic 

receptors are also inhibited by some, but not d, barbiturates at clinicaily relevant concentrations 

(pentobarbital ICso = 20 jM for reducing single channel open t h e )  (Torda, Gag- 1977). 

Barbiturates have not been shown to potentiate glycine receptors or K+ channels (Franks, Lieb, 

2 994)- 

1-7-6 Volatile Anestheîïcs: Clhical Uses and Relevant Concentrations 

Volatile anesthetics are used ciinidy in the maintenance of an unconscious state duting 

surgical anesthesia, Slmilar to the ïntravenous anesthetics, such as barbiturates, the cliaical 

potencies of volatile anesthetics for induchg hypnosis (obtundation) and immobilizatlon are 

measured in rodents through the bss of the righting reflex and of movement to tail-clamp reflex, 

respectively (Rampil, 1994) (Quinlan et al., 1998). The concentration of a volatile agent 

required for the immobilization to tail-clamp are expressed as minimum alveolar concentration 

(MAC) (Eger et al., 1965). The MACs of the various volatile anesthetics reveal their rank order 

potencies for immobilization (halothane > isoflurane > enfïurane) which are the same between 

humans, rats, mice, and dogs (Franks, Lieb, 1993). In mice, the MAC of halothane is 0.95% 

(270 pM); isoflurane is 1.34% (340 pM), and enflurane is 1.95% (600 CLM) at 37 O C .  

The concentration of volatile anesthetics are usually measured in partiai pressures, 

govemed by the ideai gas law. Hence, the partial pressure of an anesthetic depends on the 

temperature at which it is administered. Anesthetic partial pressures are converted to aqueous 

concentrations using predetennined watedgas partition coefficients, Bunsen and Oswdd 

coefficients (Franks, Lieb, 1993), which are aiso dependent upon the temperature of the animais 
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or d i e n t  temperature in in viio and rir experiments, respectïve1y. Thecefore, in vitro 

concentrations determined at room temperature require a d i e n t  before cornparison with MAC 

values h m  animal behavioral studles, 

1.7.7 Volatile Anesthetics: Efec fs on AMPA Receptors 

In behavioral experiments on rats, intravenously i n h e d  NBQX, the non-NMDA 

antagonist, dose-dependedy reduced halothane MAC (by 7%, 34%, and 58% at 4 mgkg, 12.5 

mgkg, and 42 mgkg doses, respecively) as determined by the tail-clamp method (McFarlane et 

al., 1992)- However, the Eüghest dose of intravenous NBQX, 42 mgkg, which resuits in piasma 

levels of approximately 5 &mi, ais0 caused the loss of the righting reflex when adminîstered 

alone in al1 the rats stcldied, In addition, when h h e d  dong with the cornpetitive NMDA 

antagonisf CGS 19755, NBQX M e r  reduced halothane MAC at doses that alone caused no 

reduction (McFarIane et al., 1995). The NMDA CO-agonist glycine site competiîive antagonist, 

ACEA 1021, aiso reduces halothane MAC by 47% and 85% at 20 mgkg and 40 mgkg doses, 

respectively (McFarlane et al., 1995). These data may suggest that giutamate receptor, inçluding 

both NMDA and AMPA receptor, inhibition rnay be involved in volatile anesthesia. 

Excitatory postsynaptic potentiais (EPSPs) fiom rat hi'ppocampai slice were inhibited by 

halothane and isoflurane inhibition with ICso values of 1.1 MAC and 0-71 MAC, respectively 

(Maclver et al., 1996)- Halothane inhibition of NMDA and non-NMDA eEPSCs recorded in 

CA1 hippocampal pyramidal neurons fiom 2 to 3 week old rats occurred with 1Cso values of 660 

pM and 590 pM, respectively (Perouansky et al., 1995); and, that recorded in oriens-aIveus 

interneurons from addt mice occurred with ICso values of 590 pM and 500 pM (Perouansky et 

al-, 1996)- AMPA-evoked current were inhibited by halothane at an ICso of 1.7 tnM, whereas, 

NMûA-evoked current were more resistant and inhibited at an ICso of 5.9 m .  (Erson et ai., 

1998). Enflurane 1.8 mM oniy inhibited kainate-evoked current in X e n o p  oocytes injected 

with mouse brain mRNA by 26%. These data suggest that the postsynaptic effect is 
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overshadowed by a predorninantky presynaptic effect, suc6 as the reâuction In the vesicuiar 

release of glutamate, that is cesp0llslibIe for the volatile anesthetic inhibition of EPSCs (Maclver 

et al., 1996) (Klrson et ai., 1998) (Lasen, Langmoen, 1998). 

1-7.8 Volatile Anesthetics: Efects on G B A *  Receptors 

As with barbiturates, GABA-evoked currents are enhanced by volatile anesthtics such as 

halothane, isoflurane, and enfimane in rat embryonic cuitured hippocampal neumns (Jones et ai., 

1992) by increasing the amplitude and decreasing desensitization of the GABA* receptor- 

mediated current (Nakahlro et al., 1989). The potency of GABA at the G m  receptor is 

enhanced by volatile anesthetics (Wakamori et ai, 1991). As with other general anesthetics, the 

volatile agents ais0 directly activate GABAA receptors (Yang et al., 1992) (Jones et al., 1995). 

in single channel recordings, the volatile anesthetics were found to prolong GABAA 

receptor channel open times and burst duration, and shorten the interburst intervais (Yeh et al,, 

199 1). 

The enhancement of GA- receptor hc t ion  by volatile anesthetics is subunit- 

dependent, X e n o p  oocytes expressing the al and P 1 subunits have GABA-evoked current that 

is enhanced by enflurane to a greater extent than those also expressing the y2S or y2L subunits 

(Lin et al., 1993). lii addition, GABAA receptor subunits expressed in GT1-7 cells are not 

directly gated by volatile anesthetics, therefore, this cell Iine does not express the nibunit(s) 

required for direct activation by anesthetics (Jones et al., 1995). 

Therefore, volatile anesthetics cause a dose-dependent potentiation of inhibitory 

postsynaptic potentials (IPSPs) and currents (IPSCs) (Mody et al., 1991) mostly mediated by 

postsynaptic mechanisms because presynaptic GABA release is variably inhibited by these 

anesthetics (Richards, 1995) (Lecharny et al., 1995) (Mantz et al., 1995) (Banks, Pearce, 1999). 
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1.7.9 Volatiie Anesthetics: Effects at Oflier Sites 

AMPA and GABAA receptors are only two of the multiple receptors affected by volatile 

anesthetîcs. AIthough volatile anesthetic dmgs inhibit or enhance almost all receptors, the 

concentrations required for these e f f i  determine whether the receptor in question contributes 

to dnig actions in the clinical circumstance. 

Nifiedipine-sensitive L-type voltage-gated ca2+ chamels are inht'bited by volatile 

anesthetics at IGo concentrations of 750 mM for halothane, 570 mM for isoflurane, and 730 mM 

for enflurane in the pheochromocytoma celf bey PC 12, at 32 OC (Kress et aL, 199 1) mess  et aI., 

1991)- In addition, the inhibitions of catecholamine release h m  these ceils by the various 

volatile agents occur at similar ICso concentrations (Kcess et al., 1991). 

Nicotinic acetylcholine receptors 60m ganglionic cells or neurons are more sensitive than 

the ca2+ channels to the inhibitory effects of volatile anesthetics as measured by depolarkation- 

activated catecholamine secretion (halothane ICso = 300 CIM; isoflurane [CSO = 450 pM; and 

enflurane ICso = 400 pM)   OC OC^, Richards, 1988) and acetylcholine-activated current fkom 

outside-out patches (isoflurane ICso = 2% or approximately 500 p.M) (Dilger et al., 1993). 

Neuronal nicotinic receptors show a greater sensitivity to inhibition by halothane, isoflurane, 

sevoflurane, and propofol (with a 10- to 35-fold decrease in IC50) than muscle nicotinic receptors 

(Violet et al., 1997) (Flood et al., 1997) (Flood, Role, 1998). These sensitive subtypes of 

nicotinic receptors demonstrate a temperature-dependent inhibition by volatile anesthetics; 

whereas, Ihe specific inhibitor (+)-tubucarine has temperature-independent actions at this 

receptor, except at very low temperatures (below room temperature) (Dickinson et al., 1995). 

In addition to the direct gathg of GABAA receptors, volatile anesthetics can directly 

activate a subtype of voltage-gated K+ channel, called IK(~) ,  at cLinicalLy relevant concentrations 

(halothane ECso = 320 mM at 23 OC) ( F a ,  Lieb, 1988b). Recently, a specific class of K? 

chaanels, which contain two pore forming domains (H4) in tandem, has been identined. 



Included in this class of K+ channeIs are yeastTOK-1 (Gray et al., 1998), mouseTRM-1, and 

humanTASK (Patel et al., 1999) channels, which are activateci by applications of volatile 

anesthetics at cIinically relevant concentrations, and are collectively known as VASK's (volatile 

anesthetic sensitive K? channeis) (Yost et al., 1998). Activation of these channels contributes to 

the hyperpoIarizattion and reduced excitabiIity of neurons, 



1.8 ANESTHETIC MECHANISMS IN BRAIN SLICE AND BEHAVIOR 

1.8.1 Anesthetic Mechanrr'sms Studr'ed in Hippocurnpal Siice 

The basic assumptlon of a neuronal circuit modei is that higher cognitive fimctiom, such 

as perception, memory, language, and consciousness, require the temporai synchronization and 

integration of information by neurons (Engel et al., 1999) (Nelson, Turrigiano, 1998). in the 

hippocampus, the synchrony of excitatory sigualing by pyramidal ceiis in the CA1 region is 

regulated by GABAergic intemeurons (GaIarreta, Hesîrin, 1998). This synchronization is 

dependent on inhi'bitory GABAergic netnotransmission (WhïttiOgton et  al., 1998), and excitatory 

glutamatergic neurotransmission mediated by the AMPA subtype of dutamate receptor (Traub et 

al., 1999). Enhancernent of GABAA receptor h c t i o n  durhg the administration of general 

anesthetics disrupts the fkquency of action potentials in intemeurons which, subsequently, 

deregulates activity of postsynaptic pyramidal neurons causing them to fie asynchronously 

(Fauher et al., 1998) (Whittington et  al., 1996). These changes have also been demonstrated in 

electroencephalographic studies in rats (Lukatch, Maclver, 1990, particulariy betweea neurons 

in the hippocarnpus and cortex, which are areas important in memory and awareness (MacIver et 

al., 1 996). However, complete abolishment of electroencephalogram activity cannot be 

explained by an inhibition of excitatory neurotransmission done (Lukatch, MacIver, 1996) 

suggesting that anesthetic agents affect other sites, not involved in excitatory signaling, to 

mediate (deep) neurodepression. 

The blockade of intemewonal AMPA receptors by joro spider toxin and NBQX causes a 

decreased rhythm of firing in intememas and an increased activity in pyramidal neurons (Traub 

et al., 1999) (Whittington et ai., 1998). 

However, a recent study demonstcated that the intravenous administration of a non- 

competitive AMPA and kainate receptor antagonie NBQX, decreased the MAC of halothane 

required for the immobilizattion of rats d&g a pauifiil Stunuius (McFariane et al., 1992) and 



prolonged the loss of righting r d e x  due to hexobarbitai (DaIf et al., 1993). This Nggests that 

Merent semitivities to anesthetic neurodepression may depend on background neuronal 

excitation, which âffects the ability of anesthetics to modulate synaptic signaihg by acting at 

other receptor sites (for review of sites of action of anesthetics see (Franks, Lieb, 1994) (Urban, 

Frïederkh, 1998)). This supports the theory that normal neuronal hction depends on an 

intricate balance between excitatory and inhi'bitory input at the level of the synapse and that 

anesthetics enhance GABA-mediated inhibitory neurotransmission anaor inhibit glutamate- 

mediated excitatory transmission (Daniels, Smith, 1993) (Pocock, Richards, 1993) (Fmnks, Lieb, 

1994) to cause neurodepression. 

1-8-2 Anesthetic Mechaniism Sfudied By Animal Behavior 

The latency t h e  to the loss of righting reflex is a fkquently used measure to assess 

anesthec sensitivity in animals (Gomwalk, Healing, 1981) (Green et al., 198 1) @leckneiI, 

Mitchell, 1984) (Gardner et al., 1995)- In particular, the loss of the righting reflex is a sensitive 

measure of anesthesia in rodents and occurs at plasma barbiturate concentrations lower than 

those associated with immobility in response to td-clamp, or loss of the comeal reflex 

(Gustafsson et al., 1996). The movement to tail-clamp has been a classical method used to 

assess adequacy of general anesthesia, particularly in detennining the MAC of the volatile agents 

(Eger et al., 1965), which is an estimate of CNS requirements for surgical anesthesia. 

Pharmacological agonists and antagonists directed at potential sites of anesthetic action 

have been assessed in animal models after intravenous, intraperitoneal, and intrathecal 

administrations, and injection into brain structures or nuclei. 

More recently, genetic mutations of receptoa or residues of receptors in mice have 

provided an altemate method to study the hctional importance of these sites in anesthesia. For 

example, a nul1 mutation of the a6 subunit of the GABAA receptor produced mutant mice with 

unchanged loss of righting and taii-clamp withdrawal responses to pentobarbital or the volatile 
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anesthetics (Homanics et al., 1997). This result occurred despite w%ro studies that indicated a 

higher efficacy of  a6 subunlt-containing GABAA receptors for pentobarbital-induced direct 

activation of these receptors (Thompson et al., 1996). Nuii mutant mice lacking the P3 subunit 

of the GABAA receptor were Iess sensitive to the loss of the tail-cIamp withdrawal but not the 

righting reflex d e r  administration of halothane and enflurane, but no different in their responses 

to pentobarbital and ethanol (Qwnlan et al., 1998)- The B3 ndi mutant mice were more sensitive 

to midazolam and etomidate (Quinian et al., 1998). Therefore, the B3 subunit seems to be 

important in mediating the hypnotïc effects of midazolam and etomldate, but not pentobatbitai 

nor the volatile anesthetics. These results suggest that the subunit compositions of Ligand-gated 

receptors are important to the neurodepressive effects of anesthetics. 

The mutant mouse provides a valuable tool with which to combine the study of cellular 

or molecular mechanisms with hctional and behavioral outcorne- This is a valuable addition to 

anesthetic mechanism research and is spawning an interest in mutants previously generated for 

other purposes. in particular, the GluR2 nuil mutant mice provide the means to study the 

importance of the G 1 W  subunit in moduiating anesthesia. 
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1-9 GLUE NULL MUTANT MOUSE MODEZ 

The development of genetically-engiueered mice deficient in the GIuR2 subunit was 

d e s r n i d  by Jia and associates (Jia et aI., 1996). The purpose for the development of GIuR2 

mutant mice was for the correIative study of LTP in v i ' o  and leaming and memory paradïgms in 

vivo. Despite a demonstrated enhancement of  LTP in hippocampal slice h m  GluR2 null mutant 

mice, these mice showed less ability to Ieam spatial tasks. 

The GluR.2 gene was disrupted by the insertion of a neomycin resistance gene into exon 

11, disrupting expression at TM1 and the pore loop. Western blot d y s i s  using an antibody 

probe (3AI 1) to the GluRî N-terminus showed no detectabIe extracellular remnant of the GluRî 

protein indicating that the gene disruption resulted in a null allele. Similar anaiysis of the GluRl, 

4, 6, and 7, and NMDAR1, 2A, and 2B subunits revealed no signifIcant differences between 

wildtype and hornozygous GluR2 mutant mice in their total glutamate receptor complements. 

Presynaptic mechanisms were also indistinguistiable between GluR.2 nuü mutant and wildtype 

aeurons as demonstrated by field excitatory postsynaptic potential (fEPSP) responses and by 

paired-pulse facilitation recordings in hippocampal slice nom 2 - 4 week old mice. However, 

AMPA receptor-mediated EPSC amplitudes, measured 7 ms from the stimulation artifact, were 

decreased in the Glu= mutant slices- This suggests that either AMPA receptor density, ce11 

size, or dendntic arbonzattion is reduced- An increased membrane resistance and unchanged 

membrane potentials in the GluR2 nul1 mutant slices supported the latter two possibïiities. 

Furthemore, IPSCs measured fiom the wiidtype and G I W  mutant slice were not significdy 

dBerent - 
In a high extracellular ca2+ melieu, hippocampal pyramidal neurons h m  the GLuR2 nul1 

mutant mice demonstrated a ninefold increase in ca2+ permeability. Despite these 

electrophysiologicai ciifferences, the GluR2 mutant mice have normal neonatal mortaiity and 

approximately 80% survive past 2 - 3 weeks. In contrasf heterozygous mice with an unedited 
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Q/R site, previously identined as the site on the GIuRî subimit tbat controls caZf permeabiiity 

(Hüme et al., 1991) (Sommer et al., 199Ia), demonstrated a 100% mortality at 3 weeks of age 

folIowing s e h  activity (Brusa et al., 1995). The GluR2 mutaat mice demibed by Jia and 

associates were smaller t'an their d d t y p e  and heterozygous littermate at 2 to 3 weeks of age 

but were simila. in size, weight, and appearance at 6 to 7 weeks. However, these mutants 

showed decreased exploratory and seKdirected behaviors, disrupted motor coordination, and 

impaired eye closure reflexes to approaching objects (Jia et al., 1996) (Gerlai et al., 1998). 

hportantly, th& righting reflexes were intact and no different h m  the ddtype and 

heterozygous littermates. This observation was crucial to our study of anesthetic sensitivities in 



1-10 RATIONALE AND HYPOTHESIS 

The expression of  the GluR2 subunit has a dominant effect on the properties of AMPA 

receptors. The reduced permeabiiïty of G l u R 2 c o n ~ g  AMPA receptors to divalent cations 

(Hume et al., L991) and the reduced inhtbiton of these receptors by intenial polyamines (Bowie 

et al., 1998) contribute to their physiological fùnction and role in -pathologicd proceses 

involving excitotoxicity, Moreover, enhanced barbiturate inhibition of GIdU-containing AMPA 

receptors (Taverna et al., 1994) (Yamakura et al., 1995) may influence behavioral sensitivities ta 

these anesthetics- Therefore, the a h  of this thesis was to detemilne the d e  of  the AMPA 

receptor GluRî subunit in physiological, pharmacological, and pathophysiological processes by 

examining the effect of a GluR2 null mutation on the fûnction of AMPA receptors in mediating 

fast excitatory neurotransmission, sensitivity to anesthetics, and excitotoxic injury. 

We questioned whether the absence of GLuR2 subunit expression wodd innuence the 

barbiturate sensitivity of GluR2 nul1 mutant mice, which would suggest that the inhibition of 

AMPA receptors contributes to the anesthetic effects of barbiturates. In addition, the anesthetic 

sensitivity of these mice to volatile anesthetics that do not inhibit AMPA receptors at cLinidly 

relevant concentrations was examined Based on the results of these behavioral experiments, we 

postulated that excitatory n e ~ f ~ ~ s s i o n  between neurons fiom the GluR2 null mutant mice 

was altered and questioned whether these changes correlated negatively with the sensitivity of 

the GluR2 nuil mutant mice to anesthetics. 

The GluR2 hypothesis proposed by Pellegrini-Giampietro and associates (Pellegrini- 

Giampietro et al., 1997) resulted from their previous studies, which showed a decreased 

expression of the GluR2 subunit by 24 to 48 hours following an ischemia-reperfiision injury 

(PeUegrîni-Giampietro et al., 1992) (Gorter et al., 1997). This decreased GluR2 subunit 

expression was thought to result in a greater proportion of GluR2-deficient AMPA receptors that 

were more permeable to ca2+ and mediated a delayed neuronal death (Kirino, 1982). W e  tested 
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thïs hypothesis by examuiing whether neurons nom GluR2 nulL mutant mice, which chmnicaily 

expressed GluRî-defkient ~a~+-penneable AMPA receptors, were more susceptiile to neurooaI 

excitotoxicity through AMPA receptor activation. 

Therefore, in this thesis, we considemi the hctional impiications of GIuR2-containïng 

AMPA receptors and their importance in mediahg physioIogicd, pharmacoIogicai, and 

pathophysiological processes in the C N S .  



BLOCKADE OF AMPA RECEPTORS GND BARBITURATE ANESTHESIA: 

INCREASED SENSlTlVLTY TO PENTOBARBITALINDUCED ANESTHESIA 

DESPITE REDUCED INHLBmON OF AMPA RECEPTORS IN GLUR2 NULL 

MUTANTMICE 

2.1 ABSTRACT 

Barbiturates enhance y-amhobutyric acid type A (GABAA) receptor hc t ion  and also 

inhibit the a-amino-3-hydroxy-5-rnethyl4isoxazole~c acid (AMPA) subtype of 

glutamate receptor. The relative contribution of these actions to the behavioral properties of 

barbiturates is not certain. Because AMPA receptor complexes that lack the GluR2 subunit are 

relatively insensitive to pentobarbital &'bition, GluR.2 niiU mutant mice provide a novel tool to 

investigate the importance of AMPA receptor inhibition to the anesthetic effects o f  barbiturates. 

GluR2 nuli allele (-A), heterozygous (+/-), and wildtype (tlt) mice were injected with 

pentobarbital (30 and 3 5 mg/kg intraperitoneaily). Sensitivity to anesthetics was assessed by 

measurhg the latency to loss of righting reflex, sleep tirne, and the loss of comeal, pineal and toe 

pinch withdrawd reflexes. In addition, patch clamp recordings of acutely dissociated CA1 

hippocampal pyramidal newons fkom (-/-) and (+/+) mice were undertaken to investigate the 

effects of barbiturates on kahate-activated AMPA receptors and GABA-activated GABAA 

receptors. 

Behavioral tests indicate that sensitivity to pentobarbital was increased in (4) mice. in 

contrast, AMPA receptors fiom (-1-) neurons were less sensitive to inhibition by pentobarbital 

(concentrations that produced 50% of the maximal inhibition CICs0], 301 vernis 51 w, 
thiopental (ICso, 153 versus 34 CIM), and phenobarbital (ICSO, 930 versus 205 pA4) compmd 

with wildtype controls, respectively. In addition, the potency of kainate was greater in (4) 

newom, whereas, no differences were observed for the potentiation of GABA* receptors by 

pentobarbital. 
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The GluR2 n d  mutant mice were more sensitive to pentobarbitai anesthesia despite a 

reduced sensitivity of GIuRîdeficient AMPA receptors to barbiturate blockade, Our redts 

hdicate that the inhi'bi~on of AMPA receptors does not correlate with the anesthetic effects of 

barbiturates in this animai mode[, 



INTRODUCTION 

N o d  neuronal transmission depends on the delïcate balance between excitatory and 

inhibitory synaptic inputs. General anesthetïcs, including barbiturates, are thought to depress 

neuronal fünction by disnrptiag this interplay* Barbiturates enhance the activity of y- 

aminobutyric acid type A (GABAA) receptors and thereby facilitate inhi'bitory postsynaptic 

currents (Otis, Mody, 1992)- Barbiturates also inhibit the a-amino-3-hydroxy-5-methyl4 

isoxazolepropionic acid (AMPA) subtype of glutamate receptors at clinicaüy devant 

concentrations Although the reIative importance of glutamate receptors to the anesthetic effects 

of barbiturates is not certain, the anticonvulsant (Ticku et al., 1992) and neuroprotective (Zhu et 

al-, 1997) effects of barbiturates have been attributed, in part, to the inhibition of AMPA 

receptors. 

Glutamate is the major excitatory neurotransmîtter in the central nemous system, and the 

AMPA subtype of glutamate receptor mediates the fast component of excitatory postsynaptic 

currents (Hestrin et al., 1990) (Keller et al,, 199 1). AMPA receptors consist of protein subunits 

that assemble into pentarnerk (Ferrer-Montiel, Montal, 1996) or tetrameric (Rosenmund et al., 

1998) (Mano, Teichberg, 1998) structures that contain an ùitrïnsic channel pore. Based on 

sequence homology, four subunit genes have been identifred which are referred to as GluRL to 

GluR4 (Hollma~, Heinemann, 1994). The expression of these genes and the splicing and 

editing of their pre-mRNA products (Sommer et al., 1990) (Sommer et al., 199Fa) Vary in 

different populations of neurons resulting in a diversity of AMPA receptors (Wenthold et al., 

1996). 

The physiological and pharmacological properties of native and recombinant AMPA 

receptors critically depend on the subunit composition- For example, the presence of the GluR2 

subunit confers a ninefold to 30-fold (Jia et al., 1996) (Feldmeyer et al., 1999) decrease in ca2+ 

permeability to AMPA receptors (Hollmann et al., 1991). This reduced ca2+ penneabiiity is 
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attriiuted to a positively charged arginine @) residue in the membrane reentrant pore loop 

(TM2) of the GluR2 subunit. The gene for the GluR2 subunit codes for an uncharged glutamine 

(Q); however, the codon is "edited" at the pre-mRNA stage to one encoding argbine at the "Q/R 

edited site" in the 586 position of TM2 (Sommer et al., 1991a) (Lomeli et al., 1994). The other 

AMPA receptor subunits (GIuR 1, GluR3, and GluR4) are unedited and contain a neutrd 

glutamine residue at this site. 

AMPA receptors that contain the GIuJX2 subuait are M e r  characterized by a reduced 

sensitivity to endogenous and exogenous poIyamines (HerIitze et ai,, 1993) (Washbum, 

Dingledine, 1996) and an increased sensitivity to barbiturates (Tavema et al., 1994) (Yamakura 

et al., 1995). The tesistance of GluRî-containing receptors to polyamines is attributed to the 

charged arghhe residue at the Q/R edited site that repels the positive charge of polyamines. The 

mechanism underlying the altered sensitivity of GluR2-containhg receptors to barbiturates is 

less certain because barbiturates are relatively uncharged at physiological pH. NevertheIess, 

recombinant receptors that lack the GluR2 subunit (Tavema et al., 1994) or its Q/R edited site 

(Yamakura et al., 1995) demonstrate a fivefold to 10-fold reduced sensitivity to pentobarbital, 

respectively. These results predict that neurons deficient of the GluRî subunit wodd be less 

sensitive to barbiturate inhibition. 

Nd1 mutant mice, deficient of the GluRî subunit, were recentiy developed by Jia et al. 

(Jia et al., 1996). Gene targeting in embryonic stem cells dowed the disruption of the Ml and 

pore loop regions of the GluR.2 gene, preventing the expression of the entire GluR2 subunit- 

GluR2 nul1 allele mutants are fertile but exhibit poor parenthg ability, are smaller during early 

development, and have a higher postnatal mortality. However, their weight and size are similar 

to nomial littermates by 5 to 7 weeks, and, subsequently, they have a normal Me expectancy (Jia 

et ai., 1996). Adult GluR.2 null mutant 

impaïred motor coordination (Jia et al., 

mice demonstrate decreased exploratory behaviors and 

1996). Nevertheless, they demonstrate a brisk righting 
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reflex and no differences in corneal, pineai, or toe-pinch withdrawai reflexes under control 

conditions. 

GluR2 n d  d e l e  mutant mice provide an experimentai mode1 to study the correlation 

between the in vivo sensitivity to barbiturates and blockade of  AMPA receptors in vitro. We 

tested the hypothesis tbat GluR2 nul1 mutant mice demonstrate a decreased sensitivity to the 

anesthetic effects of barbiturates compareci with ddtype Littermates because of the reduced 

blockade of AMPA receptors. 



2.3 MATERIAL AND METKODS 

2-3-1 Behavioral S ~ d j  of Anesthetic SemWvity: 

The sensitïvity to pentobarbital was investigateà in 28 GluR2 nuil mutant (&), 45 

wildtype (+f+), and 26 heterozygous (+/-) littemate mice greater than 6 weeks of age. 

Pentobarbitai 30 mg/kg (Somnotol, MTC Pbarmaceuticals, Caoada; 65 m g h l  diluteci to I mglml 

in 0.9% nomial saline) was injected Intraperitoneaily @p.) after an aspiration test The mice 

were then placed in a plastic container that was wamied by a heat lamp. An Uivestigator, who 

was blinded to the genotype, observed the mice and recorded the time interva1 between the 

injection of pentobarbitai and the Ioss ofrighting reflex (LORR). At 2-min intervais, the anhals 

were gently placeci on their backs and if they failed to right themselves, the t h e  was noted- 

M e r  the LORR, supplemental oxygen (4 Vmin) was delivered through a nose cone placed near 

the snout Mice that failed to lose their righting reflex were observed for at least 60 min. Lq 

addition, the comeai reflex was tested at 2-min intervals by lightfy brushing the cornea with a 1.0 

proline suture. The pineal reflex was tested using the suture to irritate the lower aspect of the ear 

helix and toe-pinch withdrawal was assessed by squeezing a hindlimb toe ushg a rubber-shod 

hemostat. Respiratory rate was measuted during a 15-s interval every 2 min. Respiratory 

depression was deEined as a 1 25% decrease in basehe respiratory rate detennined before the 

injection. Fuiaiiy, the t h e  to the recovery of the righting reflex, or sleep tirne, was noted, and 

mice were observed for an additional 20 min before king returned to their cages. Animals were 

maintained under the heat lamp during the observation period. Two weeks to one month later, 

15 (+/+) and 14 (-1,) mice fiom this initial group were injected with pentobarbitai 35 mgkg 

intraperitoneally and observed according to the protocol descrïbed. 

In eight additional animals, the body temperature was measured by inserthg a rectal 

probe (Fisher Scientific, Hampton NH) immediately after pentobarbital 30 mgkg was 



administered intraperitoneaUyC Temperature was measured at 2-min intervals untiI the animais 

regained the nghting reflex or untii 15 min had elapsed for mice that did not lose this reflex. 

AU animal study protocols were approved by the animal faciliiy at the Samuel Lunenfeld 

Research Centre, Mount Sinai Hospital, Toront~, and the Animal Care Cornmittee of the 

University of Toronto. 

2-3-2 Plasma Pentobarbital Levels 

The plasma concentration of pentobarbital was measured in six subjects consistuig of 

three (+f+) mice and three (O/-) mice that had not k e n  previously injected with the barbiturate- 

Animais were killed by decapitation 5 min d e r  the injection of pentobarbital (30 mgkg 

intrapentonealiy). The sample was obtained at 5 min because this time approxbnates the latency 

to LORR in the (4) mice, Approximately 1 ml of b1md was coliected fiom the decapitation site 

into a 1-5-1111 microcentrifllge tube. Samples were centnfuged, and pentobarbital concentrations 

were assayed fiom the plasma using high-perfiormance liquid cbrornatography, 

2.3.3 Acute Isolation of Hippocampal Neurons 

Mice older than 6 weeks of age were anesthetized with halothane and then decapitated, 

The entire brain was then rapidly removed and rinsed in coid (4 OC) extraceLlu1a.r solution 

consisting of (in mM): NaCl 140, CaClz 1.3, KCl 5.4, N-2-hydroxyetthylpiperazine-N9-2- 

ethanesulphonic acid (IEPES) 25, glucose 33, and tetrodotoxin (TTX) 0.0003. This solution 

was bufEered to a pH of 7.4 with NaOH and osmolality was adjusted to 320 to 325 mOsm. The 

hippocampi were then isolated and cut by hand with a razor blade into approximately 500-p- 

thick slices. The slices were incubated in extracellular solution containing 0-4 rnghnl papain 

latex (Sigma Chemical Co., St- Louis MO) for 15 to 30 min at rwm temperature (20 to 22 OC), 

then washed in papain-fiee solution and dowed to acclimate while submersed in oxygenated 
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extraceiIuIar solution at room temperature for 2 h. Each sfice was transferred to a plastic 35-mm 

tissue culture dish (Nalge Nunc International, Denmark) before the isolation of individuai 

pyramidal nemons. Pyramidal n e m m  fiom the CA1 region of the hippocampus were isolated 

by mechanical trituration using three Pasteut pipettes w i i  consecutively smaiier tip diameters 

(700 to 150 p). The acutely dissociated hippocampai neurons were aliowed to settïe to the 

bottom of the dish before the recordings were made. 

The genotypes of all  mice used in these studies were confirmed by Southem blotting or 

polymerrase chab reaction of tail genomic DNA- 

2.3- 4 IVhoIe Cell Recordings: 

AU electrophysiological studies were performed at room temperature (22 OC). Patch 

electrodes were pulled fiom thin-wded borosüicate glass (1.5-mm outer diameter; World 

Precision Instruments, Sarasota, FL) using a two-stage vertical puller (Narishige PP-83, Tokyo, 

Japan) to a series resistance of 3 to 10 Mn. The electrodes were f3Ld with intriacellular solution 

consisting of (in mM): CsF 140, CsOH 35, HEPES 10, MgCl2 2, ethylene glycol-0-0'-bis(2- 

aminoethy 1)-N,N,N' ,N ' -tetraacetic acid (EGTA) 1 1, tetraethylammonium chloride (TEACL) 2, 

CaC12 1, magnesium adenosine 5'-triphosphate (MgATP) 4. E s  solution was buffered to a pH 

of 7.4 ushg CsOH and the osmolality was adjusted to 300 - 3 10 mOmi. For the experiments in 

which GABA was applied as the agonist, the recording solution contained CsF 70 mM and CsCl 

60 mM instead of CsF 140 mM. The CsCl was added to increase htracellular chloride (Co  

concentrations so that a detectable outward Cl- curent could be recorded after the application of 

GABA. 

Acutely isolated neurons were voltage clamped at a holding potential of -60 mV. Whole 

cell currents were recorded using the Axopatch 1D amplifier (Axon Instruments Inc., Foster 

City, CA) and data were filtered (2 kHz), digitized and acquired on-line ushg the pCLAMP5 
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program (Axon Instruments). Changes in senes resistance were monitored during the recordings 

by measuthg the capacitance transient resuitlng h m  a hyperpolarizing test pulse of 10 mV- 

Recordings that demonstrated marked chaages in access resistance were not used for data 

analysis. 

A muitiiarrel perfusion srstem (Johnson, Ascher, 1987a) was used to achieve a rapid 

exchange (-30 ms) of the extracelIular solution. Three square capillary tubes ( 4 0  p M  x 400 

IiM) were glwd together and molmted on a Leitz manipuiator (Gemiany). Each barre1 was 

comected to a ?-mi reservoir of perfkion fluid and the flow rate set to approxünately 0.5 

d m i n  by adjustiilg the height of the reservoir, A cornputer-driven motor-based stepper (Vexta 

motor, Orientai Motor Co., U.S.A.) was used to Iateraiiy move the capiiiary assembly. Mer the 

formation of the whole cell configuration, neurons were Wed into the outfiow of the barrels. 

Cells were perfiised with the extracellular soIution, or solutions containhg the AMPA receptor 

agonist, kainate (Sigma Chemical Co.), GABA (Sigma Chemical Co.), or barbiturates 

(pentobarbital, thiopentd, and phenobarbital). 

Glutamate-evoked currents mediated by AMPA receptors rapidy desensitke to a low 

steady-state amplitude. Although kahate-evoked currents also desensitize, the extent of 

desensitization is considerably less and the steady-state current is greater compared with 

glutamate-evoked responses (Patneau et al., 1993). Therefore, kainate was used to investigate 

the inhibition of AMPA receptors by barbiturates as previously descnïd (Miljkovic, 

MacDonald, 1986) (Taverna et al., 1994) (Marszalec, Narahashi, 1993) (Yamakura et al., 1995). 

Various concentrations of barbiturates were applied during the steady-state response evoked by 

kainate- It is unlikely that the kainate activation of kainate receptors, which undergo a fast, 

profound desensitization (Lerma et al., 1993), contributes appreciably to the currents recorded in 

these experiments. Because it is the endogenous Ligand of AMPA receptors, glutamate (3 mM) 

was appiied to activate AMPA receptors in another set of experiments. This saturathg 



concentration of giutamate was appikd wïth the 

antagonist, DL-2-amho-5-phophonovalerïc acid (40 

mM in the absence and presence of pentobarbitai 30 
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(NMDA) receptor 

Co-), and MgQ 2 

pM and 100 p.Me For these experiments, 

bicuculline 20 p.M was added to al1 sol~n*ons to inbï'bit barbiturate activated Cl' current mediated 

by GABAA receptors- 

The current amplitude was measured ushg pCLAMP (Axon Instruments) and data were 

plotted using GraphPad Msm (Graph Pad, San Diego, CA). Concentration-respome 

relationships for kainate-evoked currents and GABA-evoked currents recorded in the presence 

and absence of pentobarbital 30 pM were fÏtted using a modified version of the Michaeüs- 

Menten equation by the least squares method. The concentdon of Lainate that produced 50% 

of the maxima1 response (ECso) and the Hiil coefficient ( n ~ )  were determined accordiig to the 

equation: 

1 = I,, x lf(1 + ( ~ ~ ~ & i ~ a d J ) ~ ) ,  

where I,, is the maximal response observed at a saturating concentration of the agonist. 

Membrane capacitance, as an approximation of neuron size, was estimated fiom the area under 

the capacitance transient evoked by a 10-mV hyperpolacizuig pulse applied after the formation of 

the whole celI configuration- 

For concentration-inhibition analysis, kainate was appiied at the ECssa concentration in 

the absence or presence of the barbiturates. The concentrations of pentobarbital, thiopentai, or 

phenobarbitai that produced 50% of the maximal inhibition (ICso) were detennined fiom the 

concentration-inhibition curves. Data points were normalized to the mauimai inhibition and fit 

according to the equation: 

1 = Ima x l/(l + (ICsd[non-competitive a~~ ta~on i s t ] )~ ) ,  

where Ima is the maximal inhibition produced by a saturating concentration of .the antagonist. 



GABA and giutamate responses recorded in the presence of pentobatbiitai were examined 

for changes in amplitude ofthe peak and steadpstate currentst respectively. 

2-3.5 StatisticaC Analyses 

AU resuits were reported as  mean f: SEM unless otherwise uidicated, For the beha.viorai 

study, the latency to LORR and sleep time were compared between groups using a one-way 

analysis of variance (SigmaStat 2.0 soft\vare, SSS.S.S. hc., San Rafael, CA)- The chi-squared 

and Fisher exact tests were used to compare the number of mice In each group that showed the 

loss of the righting, comeal, pineal, and toe-pinch-withdrawal rdexes. Where appropriate, the 

EC50 values for kainate and GABA-evoked currents, as weii as the ICso values for pentobarbital, 

thiopental, and phenobarbital for (+/+) and (4) neurons were compared using the Student's t- 

test Data sets for which tests of nomaiïty failed were analyzed with corresponding 

nonparametric tests. 



2-4 RESZTLTS 

2-4. 1 Anesthetic Senn'IiVity fo PentobarbitaI Incremed in GZ& NulC Mutant Mice 

The study population of (tlt) and (-/-) mice were inin'aüy organized into three groups 

according to postnatal age: p u p  1 (5 to 10 weeks), group 2 (23 weeks), and group 3 (-50 

weeks), No simiificant differences In weight were observed between the age-matched groups 

(table 2-1). Simllarly, no age-dependent differences were demonstrated for the latency to LORR, 

sleep tirne, or loss of comeal or pineai refiexes w i t h  each genotype- Therefore, the r e d t s  were 

pooled accordhg to the genotype for a l i  ages. 

M e r  intraperitoned injection of pentobarbitai 30 mgkg, a greater proportion of the (4) 

mice demonstrated a LORR (table 2.2) and a shorter latency to LORR (51 + 0.5 min, n = 26; 65 

f 0.4 min, n = 17; 7.8 + 09, n = 25, p -= 0.05) compared with (+/-) or (+/+) litterniates, 

respectively (figure 2.1A). G l W  ndl mutant mice also dernonstrated a longer sieep time (18.1 

t 1 -5 versus 10.3 t 1 -3 and 10.8 4 1 -5 min, p c 0.05) (figure 2-1 B). A greater proportion of (-/-) 

mice lost their comeal and pineal reflexes compared to the (+f+) and (+/O) mice (p -=z 0.05, table 

2-2). Loss of the toe-pinch withdrawal reflex was not demonstrated in any of the mice after 

injection of pentobarbital. The enhanced sensitivity to pentobarbitai in (4-) mice was not likely 

attriiuted to pharmacolcinetic factors because the plasma concentration of pentobarbitai was 

similar, at least at the 5 min internai, in (O/-) mice and (+/+) littermates (128.8 f 15.9 CIM, n = 3 

versus 11 3.3 + 12.8 jM, n = 3, respectively; p > 0.05). 

Some of the mice that were not kilied for the electrophysiological studies were allowed to 

recover for a minimum 2-week pend. Pentobarbital 35 m&kg was administered 

intraperitoneally as previously described. Three mice, two (4) and one (+/+), succumbed to 

respiratory failure, whereas, 14 (+) and 12 (4) mice were successfully anesthetized, and most 

of the subjects demonstrated LORR (table 2.3). Consistent with our previous findings, the (4) 
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mice showed a decreased tune to LORR (4-1 & 0.4 min, n = 12, veMs 5-7 + 0.3 mh, n = 13; p c 

0.05) and Increased sleep tirne (24.5 f 3.5 min, n = 12, versus 12.6 I 2.8 min, n = 12; p < 0.05). 

A greater proportion of (4) mice Iost their pineai and corneal reflexes compared with (tlt) 

littermates; however, these differences were not statisticaiiy significant (table 2.3). The 

incidence of respiratory depression was not dïfkrent between the (+/+) and ' f - )  mice (tables 2.2 

and 2.3). 

Because the sensitivity to anesthetics can be innuenced by core temperature, eight 

additional mice were obsefved for changes in rectal temperature afker pentobarbital 30 mgkg 

was administered int~aperitonealiy~ No signiscant differences in temperature was detected at 

any time foUowing the pentobarbitai injection, including at 4 min (37.0 t 0.4 (+lt), n = 4, versus 

36.5 f 0.4 (-/-), n = 4) and 10 min (37.3 f O 2  (+/+), n = 4, versus 36.8 + 0.3 (A), n = 4). 

In summary, these results demonstrate an increased mesthetic sensitivity to pentobarbital 

in the (4) mice compared with (+A) and (+I+) Iittermates as evidence by a shorter latency to 

LORR, longer sleep the, and the greater proportion of mice that Lost the comeal and pineal 

reflexes, This enhanced sensitivity could not be attri'buted to Merences in blood concentrations 

or changes in rectal temperature. 



TABLE 2-1- DEMOGRAPHICS OF THE BEHAVIORAL STUDY 

Group 
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FIGURE 2.1. Loss of nghtïng retlex measurements after the administration of  30 mg/kg i.p. 

pentobarbitd to wildtype (+/t, heteroygous (+/-), and mutant ( 4 )  mice. (A) Latency to the 

ioss of righting reflex was shorter in the '/-) mice (5.1 t 0.5 min, n = 26) cornpared to the (Hg) 

and (+/+) mice (6.5 + 0.4 min, n = 17, and 7.8 + 0.9, n = 25, respectively) @ < 0.05). Similady, 

(B) the duration of the loss of  righting reflex (sieep the) was longer in the (-A) mice cornpared 

to (+/-) and (+/+) Littermates (18.1 & 1.5 versus 10.3 f 13 and 10.8 k 1.5 min, respectively) (p < 

0,05), 
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FIGURE 2-1- LOSS OF THE RIGHTING REFLEX MEASUREMENTS AFTER THE 
ADMINISTRATION OF 30 mgkg 1.P- PENTOBARBITAL 
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TABLE 22. BEHAVIORAL STUDY RESULTS AFTERPENTOBARBITAC 30 mgkg 19. 

# of Mice With Loss of  Righting Reflex (%) 

- -- -- - - - - - - - 

* significantiy different fiom (+f+) mke @ c 0.05, using the Chi-squared test) 

# of Mice With Loss of Comeal Reflex (%) 

# of Mice With Loss of Pineal Reflex (%) 

# of Mice With Respiratory Depression (%) 

(+f+) 

n=45 

25 (56%) 

28 (62%) 

8 (18%) 

27 (60%) 

(*f-) 

n=26 

17 (65%) 

(-4 

n=28 

26 (93%) * 

17 (65%) 

10 (38%) 

15 (58%) 

25 (89%) * 

18 (64%) * 

17 (61%) 
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TABLE 2.3. BEHAVIORAL STUDY RESULTS AFTER PENTOBARBITAL 35 mg/kg Il'. 

/ # of Mice With Lors of Righting Reflex (%) 

# of Mice With Loss of Comeal Reflex (%) 

# of Mice With Loss of Pineal Reflex (%) 

# of Mice With Respiratory Depression (%) 

* significantly different fiom (+/+) mice (p < 0.05, using the Fisher Exact test) 
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2- 4.2 Potency of XmMIe is iincreased in GZtr;R2-Defrcient AMPA Recepîors 

The subunit composition of ligand-gated receptors iduences the ECso value of the 

receptor for agonist, as well as their sensitivity to p ~ a c o l o g i c a i  agents. Furthemore, the 

extent of inhibition produced by an antagonist can vary with the concenttatioa of  agonist 

Therefore, to ensure that qui-effective concentrations of agonist were used to elicit controi 

currents in (-f-) and (+/+) neurons, the concentration-response relationships for kahate-evokd 

currents were f h t  examined, 

Applications of kainate (> IO pM) activated an inward cunent in ail hippocampal 

neurons tested, The maximum current evoked by a saturathg concentration of kainate 1 mM 

(Imm) was not innuenced by the presence of the GluR2 subunit: (-/-)I,, = 1341 f 217 PA, n = 

15 versus (+/+)I,, = 1746 f 233 PA, n = 12, @ > 0.05). Similady, no differences were observed 

in the membrane capacitance in the dissociated celis: (-/-) 14.2 f 3 9 pF vernis (+/+) 14.9 & 3 -8 

pF. The concentration-response relationship indicated the ECso value for kainate-evoked current 

was signincaotly Lower for (-/-) neurons compared to (+/+) neurons (136 f 7 pM, n = 17 versus 

226 + 23 pM, n = 15, p c O.OS), respective@ Our results are consistent with previous reports of 

a higher potency for kainae in recombinant AMPA receptors lacking the G I W  subunit 

(Nakanishi et al, 1990). The ECSo vahes for receptors containing the GluIUfl, subunit in 

combination with GluRl (EC50 = 110 )iM) or GluR1/G1uIUflip (ECso = 100 pM) were greater 

than those vaiues for homomeric GLuRl (ECso = 32 pM) or dimeric G L U R ~ / G ~ ~ I U ~ ~ ~  (EC5* = 55 

ph4) receptors. The EC5o value we report for (+/+) neurons (ECso = 226 jM) approximate those 

values reported for pyramidal newons isolated fiom the CA3 region (ECso = 344 pM) or CA1 

region (ECso = 474 CrM) of the rat hippocampus (Jonas, Sakmann, 1992). Also, the HiH 

coefficient (1.69 i 0.04 vernis 2.06 f 0.13, p < 0.05) was lower for (40) netuons compared to 
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(+fi) nemns, respectiveLy (figure 2.2), suggesting a decreased cooperativity for kainate 

activation of GluR2deficient AMPA receptors (Colquhoufl, 1998). 
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FIGURE 2.2. KaEnate-activated c-ts in acutely isolateci hippocampai pyramidal neurons 

fkorn wildtype (+/+) and mutant (4) mice- (A) Representative kauiate-evoked currents at 

subsaturating (30, 200,  and 300 pM) and saturathg (1000 CrM) concentrations are shown- @3) 

Concentration-response curves for kaùiateevoked currents ui (+f+) murons 0, and (-f-) 

neurons (A) were constructed by nonrializing to the maximal response and fitting the data points 

using the modlfied Michaelis-Menton equatio~~ The concentrations that activated 5oo/. of the 

maximal current (ECsO) and Hïii coefficients (aH) were: (+) ECm = 226 t 23 pM (n = 15); (O/-) 

ECm = 136 t 7 pM (n = 17); (+f+) n~ = 2.06 f 0.13 and (4) n~ = L-69 + 0.04- 



83 
FIGURE 2.2- I(AATE-ACTIVAW CURRENTS IN ACUTELY ISOLATED 
HIPPOCAMPAL NEURONS 

Kainate 30 pM - 100 pM - 300 pM - 1000 pM - 

Kainate 30 pM - 100 pM - 300 pM - 1000 p M  - 

O 10 100 1000 
Kainate Concentration (pM) 



2-43 Inhibition ofAMPA Receptors ôy Miturates i.. GluR2-Deficiennt and Wildtype N w o m  

To Ïnvestigate the e f f i  of barbiturates on AMPA receptors, equi-effective 

concentrations of kainate were applied to (4) neumns (ECs5 = 150 or (+k) neurons @Ca 

= 300 pM)- Kainate was applied for 1.5 s before the appIication of the various concenttatiom of 

barbiturates- Only those recordings that demonstrated a stable level of inhibition and fidi 

recovery after washout of the barbiturate were used for the data anaiysis- 

The concentration-inhibition relationship for pentobarbital blockade of kainateevoked 

currents is illustrateci in figures 2.3 and 2.4A- The ICso value for pentobarbital ~ ï i t i o n  was 

approximately sixfold greater for (4) neurons compared to (+/+) neurons (301 + 52 pM versus 

5 1 + 10 pM; p < 0.05)- Similarly, the ICso values for thiopental(153 f 29 pM versus 34 + 6 pM; 

p < 0-05) and phenobarbitai (930 k 344 pM versus 205 I 55 pM; p < 0.05) were fourfold to 

fivefold gteater in (4) compared to the (+f+) neurons, respectively (figures 2-4B and 2.4C). 

These results demonstrate a reduced barbiturate sensitivity of AMPA receptors in GluR2- 

deficient neurons. No significant merences in the Hiil coefficient (nH) were observed for 

pentobarbital [(+/+) n~ = 1.00 + 0.03 and (4) n~ = 1.3 1 + 0.2q and thiopental[(+/+) n~ = 1.08 t 

0.05 and (-f-) n~ = 0.98 + 0.161. However, the Hill coefficient for phenobarbital was increased in 

the (-f-) rieurons; (+/+) n~ = 1.12 + 0.07 and (4) n~ = 1.63 & O. 18 (p -= 0.05). The reduction in 

the slope factor for barbiturate concentration-intu'bition curves reported for recombinant GluR2- 

deficient receptors (Tavema et al., 1994) was not demonstrated in (4) neurons. This suggests 

that there are no ciifferences in the cooperativity by which pentobarbital and thioptai inhibit 

GluR.2-containing and GIuR2-deficient AMPA receptors; whereas, there may be an increased 

cooperativity of phenobarbital required for the inhibition of GluR2-deficient AMPA receptor 

(Colquhoun, 1998). 
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Consistent with these results, the steady--te curent evoked by glutamate (3 mM) was 

also sensitive to inhibition by pentobarbit-1. Pentobarbital 30 p M  and 100 p M  c a d  a 

signincant inhibition of the current recorded fiom (+/+) newons (30 + 7% and 49 & 6%, 

respe~tively~ a = 11; p < 0.05) but not h m  (4) neurons (8 + I 1% and 24 t 1296, n = 4; p = 0-40 

and 0.26, respective1y)- Therefore, a decrease in barbiturate inhï'bition of AMPA receptors in (4- 

) neurons was also demonstrated when the endogenous ligand, giutamate, was used to activate 

AMPA receptors, 
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FIGURE 2.3. Zn6i'bition of Eainate-evoked currents by pentobarbitai- The application of v&ou 

concentrations of pentobarbitai (0,30,100,300,1000 and 3000 pM) are shown for current 

activated by 300 pM kainate in (A) wiidtype (+) neurons and by 150 IJM kahate in (B) mutant 

(4) neurons- Kainate was applied as indicated by the solid bar before, during, and &er the 

application of pentobarbital, 
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FIGURE 2.3- INHIBIlLTON OF KAINATE-EVOELED CURRENTS BY PENTOBARBITAL 

Pento barbital Pentobarbitai 
9 m 

Kainate Kainate 

Pentobarbital Pentobarbital 
9 9 

Kainate Kainate 
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FIGURE 2.4. Concentration-infil'bitïon curves for barbiturate modulation of AMPA receptors in 

mutant (-f-) and wïidtype (++) neurons. The concentrations ranged h m  10 to 3000 j.tM o f  (A) 

pentobarbital, (B) thiopentai, and (C) phenobarbital in (H+) 0, and (4) (A) neurons. The ICso 

values and HiIi coefficients (aH) for each barbiturate were determined by fitting the curves to a 

standard Hill equation. Pentobarbital ICso: (*) 5 1 t 10 pM (n = 7) and 30 1 t 52 pM 

(n=1 O), n ~ :  (+/+) 1 -00 & 0.03 and (4) 1.3 1 t 0.27; thiopental ICso: (+/+) 34 t 5 p.M (n = 6) and 

(4) 153 t 29 pM (n = 9, n ~ :  (H+) 1.08 + 0.05 and (4) 0.98 + 0-16; and phenobarbital Kso: 

(+/+) 205 + 55 pM (n = 7) and (4) 930 f 130 pM (n = 7), nH: (+/+) 1 -12 t 0.07 and (O/-) 1-63 +- 

0.18, 
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FIGURE 2-4- CONCENTRATION-mITTON CORVES FOR BARBITURATE 
MODULATION OF AMPA RECEPTORS 

O 1 10 100 100010000 
Concentration Pentobarbital (CrM) 

O 1 10 100 100010000 
Concentration Thiopental (pM) 

O 1 10 100 100010000 
Concentration Phenobarbital (CrM) 



The GA- receptor is thought to be a primary site of action of barbiturates (Mihic et 

al., 1994). Therefore- we also investîgated the effects of pentobarbitd (30 JLM) on GABAA 

receptor-mediated current activated by a subsaîurating (30 CIM) and a saturathg concentration of 

GABA (600 m. No differences were observed in the maximal ampiïtude of currents evoked 

by GABA 30 pM recorded fiom (-1-) neurons (1489 t 345 pA, n=10) or (+/t) n e m m  (1 160 t 

235 pA, n = 13)- respectively. SlmiIarly, no merence in the maximal current activated by 

GABA 600 pM were apparent for responses fiom (-/O) neurons (4654 + 612 PA, n = 12) and 

(+/+) neurons (4205 + 695 PA, n = 12)- Pentobarbital(30 CrM) applied in the absence of GABA 

did not activate inward current in any of the neurons- However, pentobarbital (30 CiM) 

potentiated the peak currents evoked by 30 pM GABA but not 600 pM GABA (figure 2.5). The 

effects of pentobarbitd on the GABA concentration-response relationship were al= investigated. 

The calculated ECso values for GABA were (-10) 51 f 6 pM (n = 17); and (+/+) 46 pM k 6 p M  

(n = 13)- Pentobarbital caused a shift to the lefk of the GABA concentration-response c w e  and 

s i ~ c a n t l y  reduçed the GABA ECso value fiom 43 f 6 pM (n = 11) to 34 f 5 pM (n = 11) for 

(-/-) and (+/+) neurons, respectively (figure 2.6). These r e d t s  indicate that GABAA receptors 

present in (-/-) and (+/+) neurons are similarly influenced by pentobarbital. 
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FIGURE 2-5. Peak current responses to submaxgnal (30 FiM) and mairimal (600 IiM) 

concentrations of GABA in the absence and presence of 30 pM pentobarbial in (A) wiidtype 

(+/+) and (B) mutant (O/-) acuteIy dissociated hippocampal pyramidal nemns. The peak current 

responses to 30 pM and 600 pM GABA were similm in (C) (+/+) neurons (1160 i 235 pA, n= 

13, and 4205 f 695 pA, n = 12) and @) (4) newons (1489 * 345 pA, n = 10, and 4654 + 612 

PA, n = 12) (p = O S 2  and 0.61, respecively). No difference was observed in the enhancement 

by pentobarbital (30 CiM) of the peak cunent evoked by these submaximd and maximal 

concentrations of GABA between the (tl+) neurons (1845 + 387 PA, n = 13, and 4357 & 722 PA, 

n = 12, respectively) and (4) neurons (2135 t 479 PA, n = 10, and 423 1 + 496 PA, n = 12, 

respectively). 
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FIGURE 2.5- PEAK CURRENT RESPONSES TO GABA IN THE PRESENCE AND 
ABSENCE OF PENTOBARBITAL 

GABA 30 pM GABA 30 @I 
+ Pento 30 ph4 

GABA 600 p M  GABA 600 plkl 
+ Pento 30 pM 
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FIGURE 2.6- Concentration-response relationships for GABA- and GABA with 30 pM 

pentobarbital-evoked currents recorded in acutely dissociated hippocampai pyramidal neurons. 

The peak curent responses to GABA at L, 3,1O, 30,100,300,600, and 1ûOO p M  in the absence 

and presence of pentobarbitai30 p M  were normaüzed to the maximal response in (A) wiidtype 

(+f+) (m GABA, 0 GABA + pentobarbital), and (B) mutant (4) neurons (A M A ,  A GABA + 

pentobarbitd). The ECco values for GABA and for GABA with 30 pM pentobarbitd and W 

coefficients (nH) were detennined by fitting the curves to a standard Hill equation, The GABA 

ECso value in the (+) neurons was simila. to that in the (-A) neurons @Cso = 46 + 6 CLM, n~ = 

L -60 t 0.07, n = 13 and ECso = 51 t 6 pM, n~ = 1-66 4 0.06, n = 17, respectively) (p = 0.51)- 

importanti~~ the GABA + pentobarbitai ECso values were not different in the (+/+) @Cso = 34 + 
5 CLM, n~ = 1.61 & 0.06, n = 11) and (-/-) @Csl, = 43 k 6 @id, n~ = 1-58 k 0-07, il = 11) IleUTOIIS 

(p = 0.25). 
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J3GURE 2-6, CONCENTRATIOwRESPONSE REZATIONSHWS FOR GABA- AND GABA 
WITH PENTOBARBITAL-EVOKED CURRENTS 

O 1 10 100 1000 

Concentration of GABA (PM) +/- Pentobarbital 

O 1 10 100 1000 
Concentration of GABA (CrM) +/- Pentobarbital 



2.5 DISCUSSION 

Our results show that GluR2 nul1 mutant rnice are more sensitive to the anesthetic effects 

of pentobarbitai compared with wiidtype littermates. In contrast, AMPA receptors in GluR2- 

deficient neurons were -stant to inhibition by barbiturates as ùwlicated by a foutfod to sixfold 

increase in the ICsO values for pentobarbital, diopentai and phenobarbital- Taken together, these 

data demonstrate that the behaviord effects of barbiturates do not correiate with the inhibition of 

AMPA receptors in this mouse model. Aithough the rank order of potencies of the barbiturates 

for AMPA receptor inhiiition (thÏopentaI > pentobarbital> phenobarbital) is consistent with the 

behavioral potencies in animals and humans @chter, Holtmaa, 1982), this rank order also 

correlates with the moduiation of GABAA receptors, a primary target site for anesthetic dnigs. 

Previous behavioral studies suggest thaî inhriition of AMPA receptors contributes to the 

neurodepressive effects of barbiturates. The selective non-NMDA receptor antagonist, NBQX, 

administered intravenously in rats caused a dose-dependent increase in the duration of LORR 

caused by hexobarbital @ail et al., 1993). Potentiation of the anesthetic eEect of hexobarbital 

by NBQX, together with evidence that barbiturates inhibit the AMPA receptor in vi- led to the 

suggestion that AMPA receptors contribute to the clinical properties of barbiturates. 

Alternatively, these behavioral data could also be interpreted as indicating that NBQX reduced 

the baseline level of excitatory neumtransmission, rendering the central nervous system more 

sensitive to the inhibitory GABAergic effects of barbiturates. 

Electrophysiological studies support a reduction in excitatory synaptic signaling in G l W  

null mutant mice as the amplitude of excitatory postsynaptic potentiais (EPSPs) and currents 

(EPSCs) are reduced in hippocarnpal slices from these mice (Jia et al., 1996). This suggests that 

the absence of the GluR2 subunit is associated with a generalized reduction in excitatory 

neurotransmission, a state anaiogous to that kduced by low concentrations of NBQX. 
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Co~lse~uently~ barbiturates may ~ m a s k  a susceptÏ'billty to neurodepressive dmgs caused by a 

reduction in excitatory activity. 

An alternative mechanism to account for the enhanced sensitivity to pentobarbital in 

GluR2 null mutant mice is attri'buted to the modulation ofpolyneuronal networks. For example, 

in hïppocampal circuits, hhï'bitory GABAergic intemeurons are activated by glutamate- AMPA 

receptors present in these interneurons c m  contain GluR2 subunits as indicated by in situ 

hybridization and immmofluorescence labelhg studies (Petralia et al., 1997a) me et al., 1998). 

In wildtype mice, pentobarbital blockade of AMPA receptors would reduce the activation of 

inhibitory interneurons, thereby, reducing GABAergic transmission in these mice. In con- 

in GluR2 nuil mutant mice, barbiturate-resistant AMPA receptors would permit the persistent 

activation of iabibitory interneurons. 

Thus, two mechani- are postulated to account for our experimentd results. The f h t  

attributes the enhanced sensitivity in GluR2 mutant mice to a global reduction of excitatory 

neurotransmission and suggests that barbiturates act at non-AMPA receptors (such as GABAA 

receptors). The second mechanism attributes the increased sensitivity in GluR2 mutant mice to 

barbiturate-resistant AMPA receptors that activate inhibitory intemeurom- Anesthetics that 

cause minimal inhibition of AMPA receptors and cause no Werential modulation of wildtype 

and GluRî-deficient receptors could be used to distinguish between these two possibiüties, We 

predict that if excitatory neurotransmission is giobally reduced in GluR2 mutant mice, then 

AMPA receptor-independent anesthetics (Dildy-Mayfield et ai., 1996) would also be more 

potent in these mice. In this regard, the volatile anesthetic halothane causes minima1 inhibition 

of AMPA receptors at clinically relevant concentrations (Pe rowky  et al., 1995). Preliminary 

studies indicate that halothane is more potent in GLuR2 mutant compared with wiidtype mice for 

the LORR (Ip et al., 1999), supporting the mode1 in which the increased anesthetic sensitivity is 

attributed to a reduction in giutamate-mediated excitatory neurotransmission, 
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Subtle but important Merences in the number or hction of synaptic AMPA receptors 

present in GluR2 mutant and wildtype mice may not be revealed by anaiyzing kainate-evoked 

currents recorded h m  the soma of acutely dissociated neurons- Aithough we demonstrated that 

the potency of AMPA receptors for kahate is lower in the wildtype (ECso = 2 6  pM) compared 

with GluR2-deficient receptors (ECSo = 136 CiM), we observed no difference in the maximal 

amplitude of kauiate-evoked cuuents in GluR2-deficient and wiidtype nekons. This resuit is 

coasi*stent with the fïndzngs of Seeburg and coiieagues (Feldrneyer et al., 1999) who report the 

maximal rnacroscopic conductance to kahate was similar for wild type and GluR2-deficient 

(GI&"KO~) nemns- However, the GluR2 subunit pIays a critical role in the surfiice expression 

and trafficking of glutamate receptors to the postsyaaptic cornpartment (for review see (Lin, 

Sheng, 1998)). A reduction in the number or hc t ion  of synaptic AMPA receptors in GluR2 

mutant neurons could contribute to the reduction in excitatory field potentids and increased 

sensitivity to anesthetics. 

Resistance of GluR2deficient receptors to barbiturate inhibition was first demonstrated 

in recombinant AMPA receptor subunits (GluR1 to GluR4) expressed in Xenopus oocytes. 

Pentobarbital inhibited GluRî-containing receptors (GluRlI2 or GluRu3) with an ICso of 

approximately 180 - 200 pM; whereas, GluR2-deficient recepton (GluRl, GluR1/3, and GluR3) 

had greater ICso values of 1.1 - 2 mM (Tavema et al-, 1994). The absence of the G 1 W  subunit 

was also associated with a decrease in the dope of the concentration-inhibition curve and a Hill 

coefficient Iess than 1. These resuits indicate that the absence of the GluR2 subunit may cause a 

decrease in the number of drug binding sites or a change in the cwperativity or access to the 

binding site (Colquhoun, 1998)- Our tes& in native neurons fiom GluR2 mutant mice 

demonstrate a sunilar decrease in potency for barbiturate inhibition of GlWdeficient receptors 

and a low value for the Hill coefficient. However, deciphering the molecular mechanism(s) of 

inhibition by aaalyzing the concentration-respoase relation in mutant receptors is problematic 
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because differences m agonist binding or gatuig of AMPA receptors may not be reveaIed by the 

shape of the concentrati~~reespoose cuve- Further studïes are necessary to cl- the 

mechanisms of barbiturate inhibition of AMPA receptors. 

In summary, our behaviorai study indicates that GluR2 mutant mice are more sensitive to 

barbiturates despite a reduced inhibition of GluR24eficient AMPA receptors by barbiturates. 

Our behaviorai experiments were primarily designed to measme the LORR as a surrogate end- 

point for the loss of consciousness. However, the state of general anesthesia is comprised of 

multiple components, lncluding hypnosis, amnesia, anaigesia, and autonomie stability- Our 

results cannot be extrapoIated to include the other components of geneal anesthesia such as 

analgesia, or immobility in response to pain, as  the absence or presence of the GluR2 subunit 

might differentially infiuence these end-points. Nevertheless, nom a clinical perspective, our 

results are compelihg, because a varkty of neurologicd insults, including ischemia and 

epilepsy, are associated with the downregulation of the GluR2 subunit (for review see 

(PeNegrini-Giampietro et al., 1997)). Our data predict that disorders associated with a relative 

reduction in GluR2 subunit expression, including stroke (Pellegrini-Giampietro et al., 1992) 

(Gorter et al., 1997), schizophrenia (Eastwood et ai., 1995) (Eastwood et al., 1997), Alzheimer's 

disease (Peiiegrini-Giampietro et al., 1994), and amyotrophie lateral sclerosis (Williams et al., 

! 997) (Shaw, Ince, 1997), would be associated with a decreased dose requirement for anesthetic 

dnigs. 

This chaprer was pubiished in Anesthesiology (1999) 91(5):1329-1341 (see Joo et al., 1999) 

dong with an editorial by R A .  Pearce: Barbiturates and the brain: disrupting the deiicate 

balance, Anesthesio logy (7999) 9 1 (5):I 190-1 192- 
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D.T. Joo obtained al1 the data presented in this pubiicatio~t; Preliinïnary elecfrophysioCogrëaI 

siudies of bmbitwate inhibition of 100 pM kainate-imhced m e n t  in (+fi) and (4) nei00n.s 

were obtoined by Z Xiong but were not included h thispaper- 
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3. BLOCKADE OF AMPA RECEPTORS AND VOLATILE ANESTHESIA: 

INCREASED SENSITIVMY TO VOLATILE ANESTHETIC-INDUCED ANESTHESIA 

DESPITE THE ABSENCE OF AMPA RECEPTOR INHIBITION 

A popular hypothesis of general anesthesia proposes that anesthetics exert their 

neurodepressive effects by a l t e ~ g  the balance between excitatory and inhi'bitory 

neurotransmfIllssion, Previously, we demonstrated that the sensitivity to barbiturates is increased 

in mice, which lack the GluR2 subunit o f  the AMPA receptor- To detennine if interactions 

between anesthetics and GluRî-deficient AMPA receptors account for this enhanced sensitivity, 

we tested the sensitivity of the GIuR2 nuii mutant mice to volatile anesthetics, which do not 

directly inhibit AMPA receptors at clinicdy relevant concentrations. 

The sensitivity of GluR2 nul1 mutant (-A) and wildtype (+/+) mice to volatile anesthetics 

was investigated. Age- and sex-matched (+f+) and (4) mice (12 - 16 per group) were 

administered isoflufane, halothane, desfiunme, or sevoflurane. Concentrations required for the 

loss of the righting reflex (hypnosis), and the loss of movement in response to a tail-clamp 

stimuius (hmobiiization), were detennined In addition, ekctrophysiological experiments were 

designed to detemùne if volatile anesthetics influence the fiinction of GluR2deficient and 

GluR2-containhg AMPA receptors. 

The sensitivity of (-/-) mice to the volatile anesthetics was increased for behavioral end- 

points that tested GluR2-containing AMPA receptor pathways. In con- no merence was 

observed in the concentrations of volatile anesthetic required for immobilization, which reflect 

the activity in neuronal pathways that normally lack the GluR2 subunit. Electrophysiological 

studies indicated that voIatile anesthetics do not inhibit AMPA receptor hc t ion  at clinically 

relevant concentrations. 
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Comeqyently, the enhanced seositivity to volatile anesthetics in (4) mice cannot be 

attributed to a direct Interaction with the GluR2aeficient AMPA receptors. Our redts provide 

evidence that the absence of the GluR2 subunit results h changes, which render the CNS more 

sensitive to dmg-receptor interactions t h  occur at sites otber t h  the AMPA receptor. 



3.2 INTRODUCTION 

The mechanisms of anesthetic-induced nedepression is thought to rely on a dimption 

of the temporal synchronization and integration of Information between principal newons and 

intemeurons (Faulkner et al-, 1998) (Whittington et al., 1996) Important for consciousness (Engel 

et al., 1999). The enhancement of inhibitory signahg by G-ABAergic intemeurons (Whittington 

et ai-, 1998) and the inhiiition of excitatory glutamatergic neurotransmission in principal newons 

(Traub et al., 1999) are thought to contribute to the asynchronous nling of these neurons, which 

is proposed to underfie a Ioss of consciousness and other signs of %eurodepression". This 

anesthesia-related electrophysiological asynchrony has aiso k e n  demonstrated in 

electroencephalograpbic studles in rats (Lukatch, MacIver, 1996). In particdar, signaling may 

be disnipted between newons in the hippocampus and cortex, which are areas important in 

mernory and awareness (MacIver et al., 1996) and are thought to underlie amnesia and 

obtundation. The complete abolishment of electroencephaiogram activity cannot be explained 

by the inhibition of glubmatergic neurotransmission aione (Lukatch, MacIver, 1996). The 

relative importance of anesthetic effects on inhiiitory neurotransmission and excitatory 

neurotransmission to the action of anesthetics are not known. 

Two subtypes of glutamate receptor mediate giutamatergic excitatory neurotransmission: 

the AMPA receptor, which mediates fast excitatory neurotransmission; and the NMDA receptor, 

which mediates a delayed or slow component of excitatory neurotransmission (Hestrin et al., 

1990) (Jonas et al., 1993). To investigate the role of the AMPA receptor inhibition in mediating 

the effects of anesthetics, we previously studied mice that do not express the GluR2 subunit of 

the AMPA receptor. Despite the reduced in vitro sensitivity ofGluR24eficient AMPA receptors 

to inhibition by barbiturates (Miijkovic, MacDonald, 1986) (Marszaiec, Narahashi, 1993) 

(Taverna et al., 1994) (Yamakura et al., 1995) (Joo et aï., 1999) these mice were more sensitive 

to the eEects of intraperitoneally admlnistered pentobarbital (Joo et al., 1999). Therefore, the 
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reduced i w  Iniil'bition of GluR2-deficient AMPA receptos did mt posîtively correlate with 

the in vivo sensitivity of GluR2 nuil mutant mice to barbiturates- Rather, the reduced expression 

of the GluR.2 subunit caused an enhancement in barbiturate-induced hypnosis of the GIuR2 nulI 

mutant mice (Jw et ai, 1999)- 

Barbiturates and other anesthetics, such as tiïe volatile agents, affect GABAergic 

neuro-ssio similar1y. Barbiturates (Barker, Ransom, 1978) ( M s ,  Mody, 1992) and 

voIatiie anesthetics (Mihic et a l ,  1994) potentiate fast inhibitory postsynaptic currents by 

enhancing conductance through GABAA receptors (Macdonaid et ai., 1989) (Jones et aI., 1992). 

These anesthetics also reduce glutamatergic nemtransmission (Teichberg et al., 1984) 

(Perouansky et aL, 1995) (Perouansky et al., 1996) and barbiturates at clinlcally-relevant 

concentrations act by infiibiting AMPA receptors (Sawada, Yamamoto, 1985) (Miljkovic, 

MacDonald, 1986). In contrast, volatile anesthetic have a Low potency for AMPA receptor 

inhibition (Kirson et al., 1998) (Perouansky et al., 1998)- 

To determine whether the reduced expression of the AMPA receptor G l W  subunit also 

increases the sensitivity of G l W  null mutant mice to volatile anesthetics which do not 

appreciably inhibit AMPA receptors, we investigated the volatile sensitivities of wildtype (+/+) 

and GluR2 nuil mutant (4) mice- Two endpoints of anesthesia were measured, namely, 

hypnosis and immobility. We postulate that the reduced GluR2 subunit expression in (-/-) mîce 

will increase the susceptibiiity of these mice to ail anesthetics regardless of the potency of the 

cirugs for AMPA receptor inhibition. 
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3 3  MA-S AND METHODS 

The in studies were approved by the Animai Care Commïttee at the Division of 

Comparative Anatomy, Faculty of Medicine, University of Toronto, and the behavioral studies 

by the Animal Faciiity at the University of Califoniia, San Francisco. 

The Loss ofRighting Reflex (IjTypnosr's) Stu& 

Thirty-two sex- and age-matched (+f+) and (-A) mke were individdy placed in Iarge 

air-tight acrylic cylinders attached to a modifieci c k l e  circuit Halothane, isoflurane, or 

sevoflurane was adminidministered in 2 Vmin oxygen at initiai concentrations (1 -O%, L.2%, and LA%, 

respectively) in which ail the mice displayed a loss of the righting reflex (LORR). Rectal 

temperature probes (YS1 Inc., Yellow Springs, OH) were then inserted into each mouse and their 

temperatures were actively maintained between 36 - 39 OC. The concentration of anesthetic was 

measured using an infhmd gas analyzer (Datex, Ohmeda mode1 #5250, Louimille, CO) and 

maintained for a 20-min equdibration period. At the end of this equilibration period, a gas 

sample was obtained £tom the cylinder and analyzed for anesthetic concentration using a recently 

calibrated gas chromatography machine (Gow-Mac 750, Bethlehem, PA). Then, the 

concentration of administered anesthetic was decreased by 10 - 20% and aUowed to equïiiirate, 

The mice were observed continuously for the recovery of the LORR. The concentration at wbich 

each mouse recovered the LORR was cdcuiated as the average of the two concentrations at 

which the mouse dlsplayed a continued loss of and recovery of this refiex. 



The Loss of Movernenf ta Tail-clamp (rmmobilitation) Sm& 

As previously described Caheri et al., 199 L), 1 1 to 12 sex- and age-matched (+f+) and (- 

/-) mice were restrained in small air tight a q k  cylinders (one mouse per cylinder, eight 

cylinders per circuit) and rectai temperature probes were placed before the cylinders were 

attached to an open circle circuit- Tbroughout the experiment, rectal temperatures of the mice 

were maintained between 36 - 39 OC through active wamiing with hot water-Eilled plastic bags, 

Halothane (0-4%), isoflurane (0.6%), or desilutane (56%) was ariministered in 2 Vmin oxygen 

flow for 20 min, After the 20-min equili'bration penod, movement to tail-clamp was tested by 

the proximal placement of a bluntly toothed clamp on each mouse's tail. if no reaction occurred 

initidy, the clamp was gently twisted for up to 1 min. If any movement to tail-clamp was 

observed, the concentration of volatile anesthetic was increased by 20% for another 20-min 

equilibration period, followed by testing. The concentration of anesthetic was codkmed, as 

described above, by gas chromatography of a sample drawn from a randomly chosen cylinder, 

The average concentration at which each mouse Iost its tail-clamp reflex was noted, 

Postnatal Hippocampal Cell CuItwe 

Each postnatal hippocampal cell culture was prepared fkom an individual pup boni of 

heterozygous GiuR2 (+A) mice. The 1 - 2 day old murine pups were Wed by decapitation and 

their heads, stedized by a brief submersion in 70% ethanol, The hippocampi of each pup were 

rnicrodissected and the neurons, dissociated by mechanical trituration using a Pasteur pipette 

(Orser et al., 1994)- The cells were plated on a poly-D-lysine coated glas coverslip situated in a 

culture dish. Plating density was estirnated at 1 x 106 cellslmm2. The mixed ceU cultures were 

incubated for the first week in minimal essential medium (MEM) (Gibco BRL, Grand Island 
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NY), supplemented with fetal bovine scnmi (100 pglml, Giko BRL), inactivated horse senrm 

(100 p8/ml, G i i o  BRL), and insulin (8 pghl crystauine bovine zinc uwlin, Gibco BRL), at 37 

OC in 7% carbon dioxide. S-Fluorodeo-dhe 4 m g h i  (Sigma Chernid Co., St, Louis MO) 

and uridine 10 m g M  (Sigma ChemicaI Co.) was added on p ~ s t ~ s s e c t i o n  day 5 to inhibit glial 

ceU proLiferation. Afier the f k t  week of incubation, the cultures were M e r  mahtained in oniy 

MEM and home serum LOO &ml until the time of recording. Cultured murine hippocampai 

neurons were used for recording between I O  - 14 d a .  &er pIathg. 

Taüs of the pups fiom which each culture origuiated were retained for PCR genotyping. 

Due to the slowed responses evoked by glutamate in cultured hippocampal nemns, 

acutely dissociated neurons, which cm be more d o d y  bathed with agoni* were used to 

record giutamate-evoked AMPA receptor responses- This technique allowed a more 

synchronous activation of AMPA receptors and faster kinetics of the glutamate-evoked 

responses consistent with those previously reported (Colquhoun et al., 1992) (Hestrh, 1992). 

Another purported advantage of this preparation is the ability to examine native complements of 

AMPA receptors. 

Acutely Dissociuted Hippocampal Neurons 

Acutely dissociated hippocampal CA1 pyramidal neurons were prepared as previously 

described (Joo et al., 1999) (see section 2.3.3). Except that, prior to recording, the CA1 region 

was manually isolated h m  the hippocampal slice using a scdpel before trituration to release 

CA1 pyramidal neurons. These neurons were then used for electrophysiological recorduig. 

The genotypes of all mice used in these studies were confirmed by PCR of tail genornic 

DNA. 
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Whole Ce11 Recordings 

Tmmediately prior to electrophysiologicaL recordingt the cuitured neurons were washed 

several times with extracellular soIÜtion containïng Mg$& 2 m .  at m m  temperature. This 

extracellular solution containhg various concentrations of kainate or giutamate was applied 

using a mdtibarreled perfiision apparatus as previously described (Joo et al., 1999)- The NMDA 

antagonist, L-(+)-2-amino4phosphonovaleric acid (APV) at 40 pM, was added to the 

extracellular soiution in al l  experhnents using glutamate as the AMPA receptor agoni* 

Similar to methods prevlously d e s c n i  (ho et ai., 1999) (see section 2-3.4, whole ceU 

recordhgs were made h m  both acutely dissociated and cultured pyramidal hippocampal 

neurons at a holding p o t e n a  of -60 mV. WhoIe ceil currents evoked by different 

concentrations of agonis& kainate (applied to cultured neurons) or glutamate (applied to acutely 

dissociated neutons), were recorded with an Axopatch ID or 2B amplifier (Axon Instruments 

Inc., Foster City, CA). Data were acquired on-he using the pCLAMPS or pCLAMP6 program 

(Axon Instruments), The amplitude of the peak and steady state current were measured and 

analyzed, and the concentration-response relationships for kainate and glutamate-evoked currents 

determined. 

Exhacellular solutions saturated with volatile anesthetic were obtained by storing 

approximateCy 100 ml of isoflurane (Abbott Laboratories, Montreal Canada) and 100 ml of 

halothane (Halocarbon Laboratories, River Edge NJ) in separate 500 ml gas tight g la s  bottles 

with approximately 200 ml of extracelluIar solution in each- The halothane and isoflurane 

solutions, at saturated concentrations and at 1/1000, F/100, and 1/10 dilutions, were then co- 

applied midway through an application of kainate at the ECso concentration and giutamate at the 

saturating concentration (3 mM). In addition, these volatile anesthetics were pre-applied and co- 

applied with glutamate to etisure that adequate time for inhibition was aliowed. 
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chromatography as previously described (Mihic et al., 
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solutions were determined using gas 

1994). The concentrations of halothane 

and isoflunuie that produceci 50% of the maximal mhr'bition (IC50) were detennined fiom the 

concentration-ih'bition curves as previously desrnid CJoo et al., 1999) (see section 2-3.4). 

Only those recordings that demonstrated a stable level of inhibition and full recovery 

foilowing washout of the vo1atiIe anesthetic were used for the data analysis- 

3-3.3 SfutisticaI Anabses 

Statistical analyses of the electrophysiologicai and behavioral data were undertaken using 

SigmaStat (Jandel Scientinc hc-). AH data were reported as mean f SD. The mean 

concentration of volatile anesthetics at which the LORR and movement to tail-clamp occurred 

were compared between (+k) and (-A) mice using the two-taüed Students' t-test with 

signirrcance at p c 0.05. The ECso and W coefficients for lcaiaate/@utamate concentration- 

response relationships and kainate/giutamate current demity for the (+/+) and (-/-) cultured 

pyramidal hippocampal newons were compared, similarly, using the Students' t-test. Compared 

data sets for which SD values were detemiined to be simiificantly different (using an F-test) were 

compared using the aitemate t-test with Welch's approximate. Data for which normality testing 

failed were analyzed with corresponding non-pararnetric tests. 



3.4 RESULTS 

3 . 4  Increased Sem-rntity of GluR2 NuIl Mutant Mice to Voïatfle Anesthetic-Induced Ni~,msrS 

The hypnotic effects of halothane, idurane, and sevoflurane were quanfied by 

meastuhg the average concentration at which (+f+) and (-f-) mce demonsaited a recovery of 

the LORR Righting reflexes were normal and brisk ui both saaios of mice in the absence of 

anesthetic. The (4) mice showed an increased sensitivity to ail three volatile anesthetics as 

evidenced by lower concentrations reqiiired for the recovery of the LORR comparecl to that for 

(+/+) mice (figure 3.1A). The recovery of LORR occurred at concentrations (in vol%) of 

halothane 0.43 t 0- 16, a = 16, vs, 0.67 + 0.20, n = 16, respectively, p 0.05; isoflurane 0.33 & 

0.06, n = 16, vs. 0.57 I0.16, n = 16, respectively, p < 0.05; and sevoflurane 0.80 +- 028, n = 16, 

vs. 1.16 t O. 19, n = 16, respectively, p c 0.05. Throughout these expe-ents, the rectal 

temperatures were not different between the two strains of mice. 

3.42 Unchanged Sensif kviîy of GlrrR2 Null Mutant Mice tu VolatiIe Anesthetic-linduced 

Immo b ilizat ion 

To measure the sensitivity of the (H+) and (-A) mice to anesthetic-induced 

imrnobilization, the loss of movement to tail-clamp reflex, the classical me- for 

characterizing minimal alveolar concentrations (MAC) for volatile anesthetics, was used (Eger et 

al., 1965). Interestingiy, the (-/-) mice did not m e r  from (+/+) mice in the concentration (in 

vol%) of volatile anesthetic required to abolish this reflex (figure 3.1B): Mothane 1.25 f 0.09, n 

= 10, vs. 1.17 f 0.09, n = 10, respectively, p = 0.09; isoflurane 1.25 & 0.24, n = 11,  vs. 1.30 f 

0.27, n =  11, respectively, p =0.62; anddesfluane 7.76 f 0.92, n =  11, vs. 8.00 f 0.84, n =  11, 

respectively, p = 0.54, This indicates that volatile anesthetic-induced immobility is mediated 
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either thugh a GluR2-contai.g AMPA receptor-independent pathway or through a pathway 

that is simiiarly affected by volatile anesthetics in both (#+) and (4) systems. As weii, 

abolishrnent of the movement to tail-clamp refiex requikd higher concentrations of anesthetic 

than LORR, whkh is consistent with prevlous reports (Gustafsson et aI., 1996). 
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FIGURE 3.1. Average concentrations of volatile anesthetics for recovery of the LORR and for 

loss of the movement to tail-clamp refIex. (A) The average concentraiions of  halothane, 

isoflurane, and sevoflurane at which (4) mice (O) recovered h m  the LORR were reduced 

compared to (+/+) mice 0. (E3) In contras& concentrations of halothane, isoflurane, and 

desflurane at which (-/-) mice (O) demonstcated a loss of movement to taii-çIamp were no 

different fkom that in (+/t) mice (9. Signjfïcant differences indicated (*) were detennined using 

the Students' t-test, 



FIGURE 3.1. AVERAGE CONCENTRATfONS OF VOLATILE ANESTHETI:CS FOR 
RECOVERY OF THE LORR ANI) FOR TEE LOSS OF MOVEMENT TO TAIL-CLAMP 
REFLEX 
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3-43 Higher Poîency for Kainare but nor GZufmate in GZuR2-Defimënt AMPA receptors 

To ensure that equE-effective concentrations of agonist were used to elicit control cments 

in (+f+) and (4) nemns, the con~en~on-response re1ationships for lrainate and glutamate- 

evoked currents were first examineci as previously descriid (Joo et al., 1999). 

Consistent with kainate responses fiom isolated hippocampal pyramidal neufons (Joo et 

al., 1999), applications of kainate (> 10 pM) activated current in all cultured hippocampal 

newons test&* The concentration-response relationship indicated that the ECso value for 

kainate-evoked cunent was signiscantly Iower for (4) neurons compared to (++) netuons (90 + 

35 w, n = 7 versus 219 t 82 pM, n = 6, p -= O.OS), respectively (figure 32A and B), These 

values are similar to the ECso values for kainate-evoked current in (4) and (+f+) acutely isolated 

hippocampal pyramidal neurons (136 f 29 pM, n = 17 versus 226 f 89 pM, n = 15, p < O.OS), 

respectively (Joo et ai., 1999). Therefore, these resuits are consistent with previous reports of a 

higher potency for kainate in recombinant AMPA receptors lacking the GluR2 subunit (Joo et 

al., 1999) (Nakanishi et al., 1990)- The magnitude of increased potency of kainate in both 

cultured and acutely dissociated hippocampai (-/-) neurons is approximately twofold greater than 

Also, the Hill coefficient (1.13 _t 0.09 pM versus 1.35 k 0-12, p < 0.05) was lower for (4- 

) newons compared to (H+) neurons, respectively (figure 3.2B), suggesting a decreased 

cooperativity for kainate activation of GluR2-deficient receptors (Colquhoun, 1998). This was 

also dernonstrated in acutely isolated hippocampai pyramidal neurons fkom (+/+) and (4) mice 

(1 -69 + 0.04 versus 2.06 f 0.13) (see section 2.4.2) (loo et al., 1999). The Hill coefficients 

measured in this neuron preparation are greater than in the hippocampal cultured neurons and 

may reflect a different subpopulation of AMPA receptors, which show an enhanced agonist 
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cooperativity for activation, or an adiactual measure as a result of normalizatlon to a 

The concentration-response relationships for glutamate-evoked peak and steady state 

cmnts  did not m e r  between acutely isolated (+f+) and (4) hippocampal neurons (figure 3.2C 

and D). The ECso values for peak responses were (*) 246 f 43 p M  (n = 7) and (4) 267 f 38 

pM (n = 7) @ = 0-72), with Hill coefficients 1.49 + 0.05 and 1.62 f 0.1 7 @ = 0.48), respectively; 

whereas, the ECso values for steady state responses were (+k) 44 44 7 p M  (n = 7) and (-10) 58 * 
10 jM (n = 7) (p = 0.27) with EGil coefficients 098 t 0.16 and 0.78 t 0.1 1 (p = 0.32), 

respectively. The steady *te ECso values and Hill coefficients are consistent with a higher 

potency desensitized state. 



LIS 
FIGURE 32.  Kainate-activateci currents in cdtured hippocampai neurons and @uîamate- 

activated currents in acutely isolated hippocampal pyramidal neurons nom wiidtype (tlt) and 

GluR2 null mutant (4) mice. (A) Representative kainate-evoked currents at subsaturating (30 

and 300 and saturathg (3000 IrM) concentmîîons are shown. (B) Concentran'on-response 

curves for kainate-evoked currents in (+/+) neurons 0, and (4) n e m m  (A) were constructed 

by nomaiking to the maximal respollse and fining the data points using the m&ed Michaeiis- 

Menton equation, The concentrations that activated 50% of the maximai current @Cso) and Hill 

coefficients (nw) were calcuiated and compared ushg the Students' t-test (signincant ciiffierences 

are indicated by an *). (C) Concentration-response curves for glutamate-evoked currents in (H+) 

neurons (A), and (-A) nemorts 0 were constructed by normaiizïng to the maximal response 

peak amplitude and (D) steady state amplitude and fitting the data points using the modifiecl 

Michaelis-Menton equation. The concentrations that activated 50% of the maximal current 

(ECSo) and Hill coefficients (n~) were caicuiated and compared using the Students' t-test 



L 16 
FIGURE 3 2 -  QUVATE-ACWATED CURRENTS IN CULTURED HIPPOCAMPAL 
NEURONS AND GLUT'TE-ACTIVATED CURRENTS IN ACUTELY ISOLATED 
HIPPOCAMPAL NEXJRONS FROM WILDTYPE AM) G L U E  NULL MUTANT MICE 

(+/+) 
Kainate 

Kainate Concentration (CiM) 

O 10 LOO 
Glutamate Concentration (pM) Glutamate Concentration (ph&) 
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3.4.4 IsoJrwane and Halothane MMnnnly Inhibit GluRZ-Contaïizing ond -Deficent AMPA 

Receptors at CZinicaZh Relevant Concentrations 

To investigate the effects of volatile anesthetics on AMPA receptors, eqm-effive 

concentrations of kainate were applied to (M+) neurons @Cs0 = 220 pM) or (4) neurons @CSo 

= 90 CrM) for 1.5 s @or to the application of the various concentrations of halothane or 

isoflurane. 

The concentration-inhi'bition relationship for halothane and isoflurane blockade of 

kainate-evoked c m n t s  ïs ïiiustrated in figures 33A, B, and C, D, respectivefy- The ICso value 

for halothane inhibition was similar for (+/+) nemm and (4) neurons (707 + 299, n = 10, 

versus 818 f 219 pM, n = 12, p = 0.33). The ICso vdues for isoflurane (2660 k 1972 CrM, n = 

10, versus 2292 f 1227 pM, n = 12, p = 0.96) were also not different in the (+W) and (4) 

neurons. 

Due to the temperature dependence of volatile anesthetic concentrations, MAC values 

reported at mammalian body temperatwe (approximately 37 OC) require adjustment to room 

temperature equivalent concentrations, in order for accurate coqmison with in vitro 

experimental redts .  MAC equivalent aqueous ECso concentrations at rwm temperature CT,) 

were calculated using the equation: 

ECso(Tc) / ECsO(37"C) = exp [-4.08(37-Tc) / (273.1 5 + Tc), 

where ECso(370C) is the aqueous concentration of volatile anesthetic corresponding to MAC, as 

measlwd in animals and humans maintaining normal body temperature (Franks, Lieb, 1993). 

Usbg predetermined ECso(370C) for volatile anesthetics in mouse (Franks, Lieb, 1993), the 

EC50(Tc=200C) of ha1otha.e and isoflurane, for in vin0 experirnents perfonned at rmm 

temperature, were estimated at 213 phi 

halothane and isoflurane Ulhiibition of 

and 253 CIM, respectively 

kainate-evoked current in 

Tberefore, the ICso for 

(+/+) and (4) neurons 
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corresponded to 4 MAC and 10.5 MAC of the volatüe anesthetics, respectZvely. Therefore, these 

results demonstrate a reIative insensitivity of AMPA receptos to volatiie anesthetic inh'bition at 

ckücaiiy relevant co~centrations~ No consistent differences in the HiU coefficients ( n d  were 

observed for (+f+) and (-f-) AMPA teceptors inhibited by h a l o t h  (H+) n~ = 1-27 & 0.19 and (- 

I-) n~ = 1.46 t 0.24, p = 0.06, and isoflurane (+f+) n~ = 1-38 & 0.3 1 and ( 4 )  n~ = 1.09 * 0.16, p 

= 0.01- 

In other experiments, halothane and isoflurane did not significantly innuence the 

amplitude of the peak or steady-state current activated by giutamate in the (+/+) and (4) nemm 

(data not shown). 
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FIGURE 3.3. Tiiht'bitÏon of kaïmte-evoked cturents by halothane and isoflurane- (A) The 

application of various concentrations of Mothane (1/1000, 1/100, and 1/10 dilution of a 

sahinited solution) are shown for current activated by 220 @f kahate in ddtype (+1+) neurons 

and by 90 pM kainate in mutant (O/-) nemns. Kainate was appiied as îndicated by the soiid bar 

before, during, and after the application of halothane- (B) Concentration-inhi'bition c m e s  for 

hdothane modulation of AMPA receptors in mutant (of-) and wildtype (+/+) neurons. The 

concentrations ranged h m  4 to 7500 pM of halothane in (+/+) m, and (4) (A) neurons, The 

TCSO values for halothane and HiIl coefficients (nH) were determined by fitting the curves to a 

standard Hill equation- Similady, (C) the application of various concentrations of isoflurane 

(1/1000, 11 100, and 1/10 dilution of a saturateci solution) are shown for current activated by 220 

pM kahate in (+/+) n e m m  and by 90 pM kainate in (4) nemns. (C) Concentration-inhi'bition 

cwes  for isoflurane modulation of AMPA receptors in (+/+) and (4) (A) neurons. The 

concentrations ranged fiom 3 to 2500 pM of isoflurane. The Kso values for isofluraue and Hill 

coefficients (nH) were detemiined by fitting the curves to a standard Hill equation. 
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FIGURE 33- INHIBITION OF KAINATE-EVOKED CURRENTS BY HALOTHANE AND 
ISOFLURANE 
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3 -5 DISCUSSION 

Our results demonstrate that GluR2 n d  mutant mice are more sensitive to the effects of 

volatile anesthetics, despite the inabiiity of these drugs to iahrïbit AMPA receptors at clinicalIy 

relevant concentrations. These results suggest that mechankms not ùivolvùig the iniiI'bition of 

AMPA receptors by anesthetics is likely respo~l~~ible for the increased sensitivïty of GluR2 null 

mutant mice to anesthetics. This is convùicing evidence against a d e  for AMPA receptor 

inhibition in neurodepression under anesthesia. However, alterations in AMPA receptor bc t i on  

do contri'bute to anesthetic sensitivity through other mechanisms, 

The insensitivity of AMPA receptors to cLinicaMy relevant concentrations of volatiIe 

anesthetics was apparent fiom the halothme and isoflurane FCso values that were fourfold to LL- 

fold greater than MAC equivalent concentrations Our r ed t s  are consistent with previous 

studies of halothane inhibition of AMPA-evoked current, recorded in murine hippocampal CA1 

pyramidal neurons in slice, with ICso values of 1.7 mM (8 MAC) (Kirson et ai,, 1998). 

Therefore, the inhibition of AMPA receptors by volatile anesthetics probably contribues very 

little to the sensitivity of both wildtype and GluR2 ndi mutant mice to these neurodepressive 

agents. 

Excitatory postsynaptic potentials (EPSPs) fiom rat hippocampal slice were notably more 

sensitive to halothane and isoflurane inhibition with ICS0 values of 1-1 MAC and 0-71 MAC, 

respectively (Maclver et al., 1996). Sunilarly, halothane inhibited evoked excitatory 

postsynaptic currents (eEPSCs) recorded ia rat CA1 hippocampal pyramidal neurons and 

interneurons with ECso values of 660  LM (3.1 MAC) and 550 p M  (2.8 MAC). These may be 

due a predominant presynaptic effect of volatile anesthetics, which decrease the vesicular release 

of glutamate (Maclver et al., 1996) (Kirson et al., 1998) (Larsen, Langmoen, 1998). No 

physiological presynaptic ciifferences were demonstnited in GluR2 null mutant hippocampal 

slice by nbre volley and paired pulse facilitation protocols (Jia et al., 1996). A change in 
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presynaptic response to volatüe anesthetics is imlikely to dBer between wiIdtype and GluR2- 

deficient neurons, aithough this r e m  to be formaly tested. Despite this, the poor ability of 

the volatile anestEietics to inhibit postsynaptic AMPA receptors has been estabfished, consistent 

with the previous reports. 

An increased sertsitivity to barbiturate neurodepression in the GluR2 nuil mutant mice 

was previously demonstrated (Joo et al., 1999) (See Chapter 2)- We postulated that this 

increased barbiturate sensitivity may be due to two different mechanisms involving the AMPA 

receptor. The first proposed mechankm is through the alteration of AMPA receptor fimctbn, 

creathg an imbalance in excitatory and inhihitory neumtransmission by reducing glutamatergic 

responses but not GABAergk resgonses in the central nervous system- The second mechanisrn 

involves the reduced inhibition of AMPA receptors located on inhibitory neurons causing less 

disinhibition of postsynaptic excitatory nemns during barbiturate anesthesia and resulting in au 

overail enhanced neurodepressioo. 

In support of the former hypothesis, previous electrophysiological characterization of the 

GluR2 null mutants by recording evoked excitatory postsynaptic currents (eEPSCs) fiom the 

CA1 region of the hippocampal siice revealed a reduced AMPA component and an unchanged 

NMDA component (Jia et al., 1996). Presynaptic glutamate release was imaffected by this 

genetic alteration. Therefore, a plausible explanation for the increased sensitivity of the GluR2 

null mutant mice to pentobarbital may be the reduced postsynaptic excitatory neurotransmission, 

which renders these animals more sensitive to the anesthetic enhancement of uihibitory 

neurotransmission (Macdonald et al., 1989) (Jones et al., 1992) (Hales, Lambert, 199 1) (Orser et 

al., 1994) (Gage, Robertson, 1985). This can occur despite an unchanged fiuictionai 

enhancement of the GABAA receptors in the GIuR.2 null mutant compared with wildtype mice 

(Joo et al., 1999). In addition, a recent study demonstrated that the intravenous administration of 

a non-competitive AMPA receptor antagonist, 6-nitro-7-sulfamoylben~o[fjquinoxaline-2,34one 
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(NBQX), decreased the minimum aiveolar concentration (MAC) of halothane requued for 

immobi1i7ation during a painful stimulus (McFarlane et al., 1992)- This postulated mechanian 

suggests that different sensitivities to anesthetic neurodepression may depend on background 

neuronal excitation affectkg signaihg by anesthetic action at other receptor sites (for review of 

sites of action of anesthetics see (Franks, Lieb, 1994) (Urban, Frïederich, 1998))- This is 

supported by our experimental resuits, which demonstrate that the GluR2 nuii mutant mice were 

more sensitive to both volatile anesthetic- and barbiturate-induced hypnosis even though volatile 

anesthetics do not &'bit AMPA receptors appreciabIy at c I i tÜdy  relevant concentrations. 

These results suggest that volatile anesthetics and barbiturates may show enhanced potency in 

GluR2 nuil mutant mice, due not to their effects on AMPA receptors, but to their shared effects 

on inhibitory signaling and GABAA receptors. 

The alternative mechanism assumes that the disinhi'bition of excitatory neurons by 

anesthetic-induced alterations in inhr'bitory interneuron h c t i o n  is responsible for 

unconsciousness. The blockade of interneuronal AMPA receptors by joro spider toxin and 

NBQX causes a decreased rhythm of finng in interneurons and an increased activity in 

pyramidal neurons (Traub et al., 1999) (Whittington et al., 1998). Therefore, the differential 

inhibition of GluR2-deficient and -containhg AMPA receptors on internewons may contribute 

to dtered barbiturate sensitivity of the GluR.2 nul1 mutant mice. Although eariy studies indicate 

that the GluR2 subunit is not expressed in internewons (Leranh et al., 1996) (Petralia et ai., 

1997a) mondo et al., 1997), more recent studies reveal GluR2 subunit expression, in albeit lower 

quantities, in inhibitory GABAergic interneurons of the rat hippocampus by 

immunocytochemical methods (Vissavaühala et al., 1996) (He et al., 1998). Therefore, if this 

cohort of GluR2-containing AMPA receptors are important in the fûnction of interneurons, then 

the GluW nuii mutant interneurons will be less sensitive to inhibition by barbiturates than 

wildtype interneurons and, hence, provide less disinhibition and a stronger inhibitory signal to 
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Uniike barbiturates, volatile anesthetics do not 

inhibit AMPA receptors and, therefore, semïtivity to p-dai n e m d  

disinhibition, which underlies unconsciousuess, shoutd not have dEered between wifdtype and 

GLuR.2 n d  mutant mice- 

Our r ed t s  also demonstrate that the GluR2 nuil mutant mice are more sensitive than 

controis to the hypnotic effects of volatile anesthetics but not to their immobikhg effects, This 

suggests that the neuronal circuitry that mediate these two endpoints are dZfferentt PreSZ1111SIi)Iy9 

the LORR, indicating hypnosis, is GluR2-dependent and the loss of movement to tail-clamp, or 

immobilization, is not Wrely to rely on GluRî-containing AMPA receptors even in normal 

animals. Suggestions that hypnosis is Wrely centraUy mediated and hobilization, spinally 

mediated (Rampil, 1994) (Antognini, Carstens, 1998) (Aatognini et al., 1997) are consistent with 

anatomical differences in subunit expression and offer insight into behavioral merences due to 

receptor constitution. Immunocytochemical analyses of rodent spinal cord consistently show an 

absence of the GluR2 subunit in ventral motor neurons (Petdiaet al., 1997a) (Bar-Peled et al., 

1999). These neurons probably constitute the efferent Lunb of the withdra.  reflex and, hence, 

affect processes related to immobilization during the application of painnil stimuli. 

Alternatively, the GluR2 subunit is found in most cortical and hippocampd regions (Petralia et 

ai., 1997a) which are likely important in maintainhg the righting r d e x  and learning and 

memory. Alteration of these pathways by the downreguiation of the GluR2 subunit may change 

the sensitivity of the mice to the hypnotic and amnestic effects of anesthetics DEerences 

between centrally and spinaily mediated reflexes were also described in GABAA p3-subunit null 

allele mice (Quinlan et al., 1998). The B3 null allele mutants were more resistant to loss of the 

tail-clamp reflex, but showed no difference h m  wildtype mike in the loss of righting reflex, in 
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response to volatile anesthetics- These authors concIuded that the P3-subunit was more 

important in mediating immobilization (tail-clamp reflex) t h  obtundation (righting reflex). 

The Increased sensitivity of GLW nuli mutant mice to barbiturate- and volatile 

anesthetic-lnduced hypnosis has demonstrated that thîs endpoint of anesthesia is G l W -  

dependent but is not mediated through the inh'bition of AMPA receptors As weLl, stereoisomers 

(+)- and (-)-pentobarbitai having convulsive and anticonvulsive properties, respectively, both 

inhi'bit AMPA receptors suggesting that these receptors do not contribute to the clinicat. effects of 

these drugs. Rather, a mechanism whereby the reduction in excitatory neurotransmission, 

secondary to a decreased expression of the GIuR2 subunit, predïsposes nemm to depression by 

anesthetics has been proposed, 

Although the GluR2 subunit is physioLogïcally absent in some ceU types, in particular 

Bergmann gliai ceils in the cerebeiIum, the downregulation of the G l W  subunit may occur as a 

resuit of or in conjunction with many disease processes. These pathological process include 

ischemia (Pellegrini-Giampietro et al., 1992) (Gorter et al., 1997), schizophrenia (Eastwood et 

al., 1995) (Eastwood et al., 1997), Alzheimer's disease (Pellegrhi-Giampietro et al., 1994), and 

amyotrophie lateral sclerosis (Williams et al., 1997) (Shaw, Ince, 1997). The dowmeguiation of 

the GluR2 subunit is thought to lead to protracted cell death through a resdtant increase in ca2+ 

permeabüity of GluR2-deficient AMPA receptors -0, 1982) (Pellegrin.-Giampietro et al., 

1997). Consistent with out study, it has been demonstrated that immob~ization secondary to 

halothane anesthesia in the rat is resistant to effects of forebrain ischemia and reperfusion 

(McFarlane et al., 1994) which has been noted to downregulate GluRî subunit expression 

(Pellegrini-Giampietco et al., 1997). Therefore, the movement to tail-clamp reflex is insensitive 

to changes in GIuR2 expression reiterating the lack of importance of this subunit in mediating 

this reflex. 
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However, a clhical human study of halothane sensitivity in children afZiicted wÎth 

decreased MAC ofthis volatile anesthetic for the aboIishment of movement to trapezius moxIe 

pinch stimulus (Frei et ai,, 1997)- AIthough there is no direct evidence that GluR2 expression is 

dowmeguiated in the nervous system of cerebd paisy patients, the assumption of nich changes 

aUows one to suggest an involvement of the GluR.2 subunit in volatile anesthetic-induced 

immobilization in humans- Consequentiy, cortical structures may mediate immobilization in 

humans. Hence, measures ofanestfietic sensitlVity ih humans require m e r  study to cl- the 

the regions effêcting each response. 

This work supports a multivariate mechaniSm for general anesthesia A change in 

excitatory neurotransmïssion has been suggested to affect anesthetic sensitivity. As the field of 

anesthetic mechanism research evolves, the single neuron mode1 may be abandoned in use of 

more comprehensive models involving the interaction of many neural circuits. We have shown 

that the use of animal modds may be a feasible step in that direction. 

This chapter has been combined with Chaper 4 in a pqer  entitled: BZocWe of AhPA 

receptors and volatile mestheticsr reduced anesthPlic requirement in GluRZ nul1 mutant mice for 

obtundaron ond antinociceplion but not immobility (accepted for publication in Anesthesiology)). 

0. Gong undertook the eqeriments that rneasu~ed the righting r d e x  studies for obtundation 

under volatile anestheicss- D- Gong and DT- Joo conn-ibuted to the experiments fhat measured 

imrnobility. LX T. Joo per$!omed the elecfrop~sioZogical srudies. 
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FIGURE 3.4. Diagrammatic representatïon of a simple fdorward neuronal cimut in the 

hippocampus- An excitatory pyramidal neuron (A) releases glutamate in response to an action 

potential. The giutamate transmîtter diffuses across the synaptic cleft to activate AMPA 

receptors on an inbibitory interneufon (B), which ùi (-f-) mice contains only ~azfjgmeabie 

receptors that are less sensitEve to barbiturate inhibition, Therefore, depolarization of this 

intemeuron is facilitated and GABA is readily released into the synaptic clefi to affect 

hyperpolarization of a postsynaptic pyramidal neuron (C) thereby decreasing the ability of this 

excitatory neuron to achieve a threshoId depoIarizaion required for generating an action 

potential (D). Hence, in theory, the activity of excitatory hippocampal neurons is reduced as a 

result of the decreased inhibition of AMPA receptors on intemeurons, 
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FIGURE 3-4- DIAGRAMMATIC REPRESENTATION OF A SIMPLE FEEDFORWIARI) 
NmJRONAL CIRCULT IN TEE HIPPOCAMPUS 



129 
4, AMPA RECEPTORS AND VOLATILE ANESTHESIA: GLUR2-DEFICIENT 

AMPA RECEPTORS MODULATE 1SOE'LITRGNE:-INDUCED ANTINOCICEPTION 

The purpose of thïs study was to uivestigate the effects of GluR24eficient AMPA 

receptors on thermal nociception and isoflurane-induced antsoociception. 

GluR2 nuli mutant and wildtype mice (10 - 16 mice per group) were tested for hind paw 

withdrawai latency (HPWL) in response to a radiant heat stimulus. Basehe tests at heat 

stimulus intensities of 25,30, and 40 1.R were perfonned on the mke in oxygen. Glu= nuil 

mutant and wildtype mice were then tested for HPWL fiom a 30 IR. heat intensity during 

exposure to 0.1,0.2,0.4, 0.6 MAC of isoflurane 

The GluR2 nuii mutant mice had baseiine (measured in oxygen) HPWLs to 25, 30, and 

40 I.R. heat stimuli simila. to that of wildtype mice. However, isoflurane at 0.2, 0.4, and 0.6 

MAC significantiy prolonged the Iatency to plantar wW1thdrawal in the GluR2 nuii mutant mice 

compared to wildtype mice. 

The decreased expression of the GluR2 subunit in AMPA receptors enhances sensitivity 

to the antinociceptive effect of isoflurane but does not alter baseiine themial nociception at the 

stimulus intensity tested. 



4.2 INTRODUCTION 

GIutamate7 the major excitatory ne~totransmitter~ is released by primary afferents of the 

spinal cord and activates N-methyl-D-aspartate -A) and non-NMDA, a-a-0-3-hydroxy- 

5-methyl-4-isoxazolepropionic acid (AMPA) receptors in dorsal mot gangli-on (DRG) ceus and 

in the substantia gelahosa (Sato et ai., 1993) (Petralia, Wenthold, 1992). This giutamatergic 

excitatory nemttansmission may mediate spinal ~ s s i o n  of nociceptive impulses, 

htrathecaliy infused NMDA and AMPA receptor antagonists, such as 2-amino-5- 

phosphonovalerk acid (AP-5) and 123 40x0-741 H-imïdazol- 1 -yl)-6-nitro- l,2,3,4-tetrahydm-1- 

quinoxaluiyl] acetic acid (YM872), respectively, demonstrated antiaociceptive properties by 

increasing tail-Eck latency to a thermal stimulus in rats (Nishiyama et al., 1999)- 

AMPA receptors, which mediate f'ast excitatory neurotransmission, are composed of 

various combinations of four subulits, namely GluRL, 2,3, and 4 (Hohann, Heinemann, 1994) 

(Keinanen et al., 1990). The GluR2 subunit is an important constituent of the AMPA raeptor 

and is highly expressed in the dorsal hom of the spinal cord (Furuyama et al., 1993). This 

subunit is responsible for the reduced ca2+ permeability of this receptot (Hume et al., 199 1) and 

its insensitivity to inhibition by naturally-occurring polyamiws (Donevan, Rogawski, 1995). 

The GluR.2 subunit also plays a role in the synaptic localization or anchoring (Dong et al., 1997) 

(Snvastava et al., 1998) (Xia et al., 1999) of AMPA receptors. 

The clustering of AMPA receptors at synapses is thought to be due to the interaction of 

the GluR2 subunit intracellular C-terminus with several PDZ domain-containing proteins, such 

as the glutamate receptor interacting protein (GRIP) (Dong et al., 1997), AMPA receptor binding 

protein (ABP) (Snvastava et al., 1998), and the protein kinase C a-subunit binding protein 

(PICK1) (- et al., 1999). Aithough these interactions were well-charactenzed in biochemical 

and immunocytochernical studies, their f h c t i o d  importance has o d y  recently been 

investigated Li and associates (Li et al., 1999) showed that the interference with the GluR2 
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subunit C-termini mtaactons with PDZ-domain containing proteins, nich as GRIP, reduced 

synaptic faciltatîon in spinai sensory neurons. The reduced synaptic facilitation was Mcely due 

to a decreased recniltrnent of AMPA receptors to previously AMPA receptor-defïcient or 'dent' 

synapses Aithough process of synaptic fdiitation may underlie hyperalgesia or aüodynia, 

the role of GluR2-dependent AMPA receptor recruitment in mediating acute nociception has not 

been detennined- 

A genetically engineered GIuR2 n d  mutant mouse (Jia et al., 1996) expressing AMPA 

receptors lacking the GluR2 subunit provided a opportunity to study behavioral responses 

to noxious stimuli, Evoked excitatory postsynaptk currents (eEPSCs) were reduced in GluR.2 

nuli mutant hippocampd slice compared to wildtype contmls, consistent with a postsynaptic 

reduction in AMPA receptor expressed at synapses (Jia et ai., 1996). This may result f?om a lack 

of receptor interaction with the PDZ-contiiining proteins. 

We previously demonstrated an enhanced sensitivity of GluR2 n d  mutant mice to 

pentobarbital and volatile anesthesia as measured by the loss of nghting reflex (obtundation) but 

not movement to tail-clamp (irnmobilization) (Joo et al., 1999) (Ip et ai., 1999). The lack of 

difference between the sensitivities of OluR.2 null mutant and wildtype mice to the immobilinng 

effects of volatile anesthetics was attributed to the physiologid GluR2-deficiency of spinal 

motor neurons (Petralia et al., 1997a) (Bar-Peled et al., 1999), which are thought to mediate 

mobility (Rampil, 1994) (Antognini, Carstem, 1998) (AntogninÏ et al., 1997). In con- spinal 

sensory neurons normally express GLuR2-containing AMPA receptors (Petralia et al., 1997a) 

(Bar-Peled et al., 1999), therefore, the absence of the GluR.2 subunit WU ükely affect sensory 

perception and volatile anhociceptioa 

Using this mode& we studied the effects of GluR24eficient AMPA receptors on acute 

thermal nociception and isoflurane-induced antinociception, as measured by the hind paw 

withdrawal latency (HPWL) test to a thermal stimulus. We postulated that a reduction in 



synaptic AMPA teceptors, and hence, fm giutamatergic neurotransmission in the d o d  hom of 

GluR2 null mutant mice will decrease perception of a thennonoxious stimulus and enhance 

sensitivity to isoflurane-ïnduced antinociception. 



4.3 METFmDS 

3 Animal ~repuratio12~ 

The study protocol was approved by the UCSF Co-ttee on Aoimal Research, Age- 

and sex-matched duit wildtype (W+) and GluR2 null mutant (-1-) mke were housed in sïdar 

environments with continuous access to food and water. Light and dark cycles were altemated 

every 12 hours prbr to study, 

4-3-2 PIanfw WifFt&awaC Testing 

Thermal: nocÏception of huid paw glabroos skui sudiaces were tested in the (*) and (4-) 

mice usÏng the hind paw wïthdra~d latency (HPWL) test, as previously descn'bed (Hargreaves 

et al., 1988). 

The HPWL testing apparatus (Planta. Test, Ugo Basile Biological Research Apparatus, 

Comerio, Italy) was m d e d  to d o w  volatile anesthetic administration to the mice during the 

acquisition of thermal noçiceptive measurements- Up to 5 unrestrained mice were individually 

placed into clear plastic enclosures on top of the glass flmr of the testing apparatus. Each 

enclosure was covered with a porous heavy plastic lid that alIowed ventilation but kept the 

mouse ftom escaping. An additional piastic box-shaped lid large enough to cover ali 5 

enclosures was used to create a closed environment into whiçh anesthetics may be introduced, 

This plastic lid was seaieâ, with a silicone rubber gasket, to the d a c e  of the glass floor. An 

anesthetic circuit was connected to the enclosure via gas tight fittings at each end of the plastic 

lid for the delivery and scavenghg of anesthetics- 

The mice were allowed to acclimate to the test environment for approximately 20 min in 

order to diminish the2 exploratory activity during plantar withdrawal testing- The hind paw 

withdrawal latency (HPWL) fiom a radiant heat stimulus was measured as previously d e s m i  

(Hargreaves et al., 1988). The movable radiant heat source (Radium tungsten halogen lamp, 

mode1 EJY, 19V, 80 W; General Electric, Glen Men, VA), set at 25,30, or 40 I K ,  emamting 



134 
fiom a 7 mm diameter aperture was ahed at the plantar s w k e  of one huid paw through the 

glas  fl oor. A photoceii detector, sensitive to the any movement of the paw, automaticaily turns 

off the heat source and records the latency t h e  fiom the start of stimulus application. This 

provides a sensitive measure of noxious heat response by using an automated (and therefore 

objective) endpoint. Baseline measurements of HPWL for each hind paw were made (5 Iatency 

times pet paw, total of 10 measurements per mouse) in oxygen using 25, 30, and 40 I.R. 

intensities in separate groups of (+/+) and (4) mice- The group of (+/+) and (4) mice, which 

had baseiine nociceptive measurements taken at 30 I K ,  were then anministered koflurane 

immediately followhg baseline HPWL detenninations- The isofiurane was delivered in 2 L/min 

oxygen flow, in a stepwise manner at 0.1 MAC, 0.2 MAC, 0-4 MAC, and 0.6 MAC. Each step 

was sustained for a minimum of 30 min, by which time isoflurane eqyilibnum in the mice had 

occurred. Then, HP- measurements, using 30 1.K heat intensity, were taken. After the 

HPWLs were measured for the £id concentration of isoflurane, anesthetic delivery was 

discontinued. Mer  30 min in oxygen alone, HPWL times following isoflurane washout were 

measured, The observer in these experiments was bhded to the genotype of the mice. 

The glas floor was warmed by peripheraily placed heating pads to maintain the foot pads 

of the mice at a constant temperathue which ensured reproducïble HPWL times. In addition, 

wamiing the g l a s  floor may have prevented hypothermia in the mice. The mice were 

inaccessible for temperature monitoring during these experiments, However, previous similar 

experiments (Ip et al., 1999) (see sections 3.4-1 and 3.4.2) using volatile anesthetics indicate that 

even with minimal intervention or slight warming by a heating pad, rectal temperatures were 

maintained between 36 to 39 OC and did not m e r  significantly between the (+/+) and (4) mice. 

4.3.3 IsoJurane Conceniration Determindons 

The concentrations of isoflurane were monitored with an infrared analyzer (RGM, Datex- 

Ohmeda, Madison, WI) throughout the experiments and analyzed at the end of each 
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concentration step with gas chromatopphy (Go-Mac 750, Bethlehem, PA). The gas 

chromatograph was cal'brated with either secondary standards fiom tanks or fiom ptimary 

volumetrk standards. 

HPWL results for the lefi and right paw were averaged for each mouse, providing a 

single value in each test condition. Values obtained in isoflurane and isoflunuie washout were 

normaiized to control times measured in oxygen alone. These nonnalized values were averaged 

withia each treatment group and compared between the (+F) and (-/-) mice using a Student's t- 

test For each strain, the paired t-test, using the Bonferroni correction for multiple comparisons, 

was used to d e t e d e  whether a &en poht differed h m  control (oxygen), accepting p < 0.01 

as simiificant. 



4-4 RESULTS 

4.4.1 GluR2 NuR Mutant Mice Show Normal Responses of Alnrte IkmaC Nocicepprion 

There were no signincaut Herences in HPWL times obtained between left or right 

plantar d i e s  in each of the (+) and (4) mice- The (4) mice showed the same HPWL thne 

as (+) mice at 25 (11.6 2 3.6 s, n = 10, versus 9.1 k 2-9 s, n = 10, p = 0.10), 30 (7.0 + 1.5 s, n = 

14, versus 7.5k1.9 s,n= 16,p=0.44)and40(5.0+ 1.8 s, n= IO, versus5.6k0.9 s,n=lO,p= 

0.36) IR.  heat intensities (Figure 4-1). Therefore, at this thermal stimulus intensity, there is no 

ciifference in (+/+) and (-1-) mice base- nociception. 
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FIGURE 4.1. N o d  baseiine thermal nociception în the GhR2 nuii mutant mice measrned by 

hùid paw withdrawal Iatency (HP=). Heat Intensity-response curves for HPWL times, in s for 

(+) cm, n = 10 - 16) and (-/-) (A, n = 10 - 14) and mice. m e  baseline values acq* in 

oxygen were not significantly different between these two groups of mice at any of the 

intensities tested (using the Student's t-test), 
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FIGURE4-1- NORMAL BASELINE THERMAL NOCICEPTION IN THE GLUE NULL 
MUTANT MICE MEASURED BY HIND PAW WITHDRAWAL LATENCY (HPWL) 

Intensity (I.R.) 



139 
4-4.2 Iincreased Analgenï Senstensttivily fo Isofrwane ï i z  GluR2 Nul1 Mutant MÏce 

The (4- mice demoLlSfrated an enhanced sensitivlty to isoflurane-induced 

antinociception at 0.2, 0.4, and 0.6 MAC compared to (+/+) mice when HPWL times were 

normalized to baseline vaiues (figure 42)- NPWL times in the (4) mice increased h m  7.0 f 

1.5 s at baseline to 8.9 + 2.1s (0.1 MAC) (p = 0-02), 9-4 It 1.9 s (0.2 MAC) (p c O.Ol), 11J +: 2.6 

s (0.4 MAC) @ c 0-0 1) and 16-1 t 5.0 ms (0.6 MAC) @ c 0.01) with increasitlg concentrations 

of i s o f l m e  in a dosedependent menner. Sinilarly, the (*) mice showed dosedependent 

isoflme-induced antinociception with HPWL times increasing h m  basebue 7.5 t 1-9 s to 7.7 

& 1.4 (0-1 MAC) (p=0,77), 7-4 k2.1 (0.2 MAC) (p = 0.88), 8.1 f 1.7 (0-4MAC) (p =038), and 

11.4 f 1.4 (0.6 MAC) (p < 0.01). Only higher concentrations of 0.6 MAC isoflurane caused 

significant antinociception in the (+/+) mice, whereas, concentrations as low as 0.2 MAC 

increased the HPWL response times in the (4) mice. After washout of isoflurane, the HPWL 

times retumed to baseline for both the (H+) (8-0 _t 2.0 s, p = 0.52) and (4) (8.8 f 2.9, p = 0.02) 

mice. 



FIGURE 42. increased sensitivity to isoflurane-induced antinociception in the GIuR2 nuii 

mutant mice- HPWL tlmes measured in severai concentrations of isoflutane (0,1,0.2,0,4, and 

0.6 MAC) were nonriali7:ed to basehe values and averaged (mean k SD) for (+f+) (I) and (-/-) 

mice (A)- In (A) mice, HPWL hcreased dose-dependentiy wïth hïgher concentrations of 

isoflurane admlnistered. HPWL increased 36%, 42%, 68%, and 140% above basehe with 0.1, 

0.2, 0-4, and 0.6 MAC of isoflurane, respectively (*p < 0-01, using the paired t-test on mean 

HPWL tïmes compared to baseline), In contrast, (+/+) mice showed lesser increases in HPWL 

with 0-1, 02, 0-4, and 0.6 MAC of isoffurane (8%, 3%, 19%, and 65% respectively), The 

HPWL at 02, 0.4, and 0.6 MAC of isoflurane in the (4) rnice were significantly prolonged 

compared to values obtained for (tlt) mice (#p < 0.05, using the Student7s t-test). 
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FIGURE 4.2- INCREASED SENSITIVrrY TO ISOFLURANE-INDUCED 
ANTINOCICEPTION IN THE GLUR2 NULL MUTANT MZCE 

Isoflurane Concentration (MAC) 
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4.5 DISCUSSION 

Using the GluR2 nuli mutant mouse mode1, we demonstrated that the expression of the 

G l W  subunit does not affect baseline acute themial nociception, but increases the seositivity of 

the animal to the antinociceptive effects of is~flufs~~le- suggests that the GIuR2 subunit 

plays a role in the rnechanihanism of isoflurane-induced antinociception. 

These results are consistent with our previous observations (see Chapter 3) that endpoints 

of anesthesia, such as immobility, are unaltered in GiuRî null mutant miçe because motor 

neurons, which mediate mobiiity, normaiiy contah GluR2-deftcient AMPA receptors (Fmyama 

et al., 1993) (Petraiia et ai., 1997a) (Bar-Peled et ai., 1999). In con- endpoints of anesthesia, 

swh as LORR and antinociception, are rnodified by the absence of the GluR2 subunit because 

the neurological pathways that normaily mediate these responses are thought to rely on the 

activity of GluR2-containing AMPA receptors (Petdia et al., 1997a). 

GluR2 subunit expression is prevalent in the dorsal hom of the spinal cord (Fwruyama et 

al., I993), particularly in lamina II and III. The expression of GluRl and GluR3 is moderate in 

these areas, whereas, GluR4 expression is low. The NR1 subunit of the NMDA receptor also 

shows low levels of expression in the dorsal horn- In contrast, NRI, G l W  and 4 are more 

prevalent in motor neurons than GluRl and 2, which show low and moderate expression in these 

cells, respectively (Fwyama et al., 1993). 'ïherefore, G l u R 2 - c o n ~ g  AMPA receptors may 

be important in normal spinal sensory processing but less important in motor response 

processing. Consistent with this, an intrathecally applied acylpolyamine toxin, argiotoxin 

(AR636), which selectively inhibits GluRîdeficient AMPA receptors, bas a greater effect on 

motor inhibition = 2 pg) than sensory inhiiition (ECso = 7 pg) (Herold, Yaksh, 1992). 

Inhibition of AMPA receptors by intrathecal injection of 6i:yano-7-nitroqUinoxahedione 

(CNQX) produces dosedependent and reversible antinociceptîve effects on tail-flick tests in 
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mice (Nasstrom et ai., 1992). Therefore, AMPA receptors, partïcuIar1y GIuR2-containing 

AMPA receptors, are important in noc5ceptio~~ 

Aiterations in AMPA receptor submit expression occur &et various peàpherd nervous 

system insults- Enhanced AMPA receptor expression has been descriid following certain 

injuries, such as sciatic nerve section (Popratiloff et al., 1998) or chronîc ligation (Harris et ai., 

1996)- AMPA receptor insedon into synaptic sites, possïbly through interactions of the GluR2 

subunit C-terminus with PDZ-domain containing proteins (Li et al., 1999)- is thought to underlie 

hyperalgesia and alldynia (Li et d., 1999)- However, other studies have shown that acute 

insults result in fewer detectabie AMPA receptors. Deafferenation by dorsal rhizotomy 

decreases the nurnber of AMPA receptors in the dorsal honi (Carlton et al., 1998) (EIelgren et ai., 

1999). Three days after dorsal rhizotomy, there is a downregulation of the G l W  or 3 subunits 

in the superficial dorsal hom, lamina 1, II (substantia geia~osa), and LI[. Concurrently, the 

GluRl subunit is also expressed in lower levels in laminR 1 and II, but show higher expression in 

lamina III, N, and V (Carlton et al., 1998)- Tissue injury by formalin or iipopolysaccharide 

injection causes an hcreased release of glutamate (Omote et al., 1998) and downregulation of 

GluRl and GluR.2 or 3 subunits in the dorsal spinal cord ipsilateral to the lesion (Florenzano, De 

Luca, 1999) (PeIlegnni-Giampietro et al., 1994b). However, the effects of AMPA receptor 

GluR2 subunit downregulation on nociception and antinociceptive susceptibility have not k e n  

tested in these models. 

GluR2 nuU mutant mouse newons displayed decreased AMPA receptor-mediated eEPSC 

amplitudes, suggesting fewer synaptic AMPA receptors, and a niwfold increased ca2+ 

permeability as a result of GlW-deficient AMPA receptors (Jia et al., 1996). Therefore, these 

mice were a suitable mode1 in which to investigate the role of the GluR2 subunit in mediakg 

nociception. The normal HPWL to 25, 30, and 40 I.R. heat stimuli in the GluR2 nuü mutant 
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mice compared to wildtype mice suggests that GluR2-deficient AMPA receptors do not affect 

acute thermal nociception in this model, 

Volatile anesthetics, such as isoflurane, have antinockeptive effects in rats adrninistered 

the fomalin test (O'Connor, Abram, 1995). In vitro snidies in the =natal rat spinal cord 

revealed that nociception-related slow ventral rwt potential and monosynaptic reflex, both 

mediated by giutamatergic neurotransmission, were depressed by concentrations of 0.2 - 1.28% 

and 1 .O - 1.28% isofiurane, respectively (Savola et al., 1991). Isoflurane inhibits excitatory 

neurotransmission by a presynaptic mechanisrn resulting in a reduced release of glutamate 

(Larsen, Langmoen, 1998) (Larsen et al., 1998) (Maclver et al., 1996)- Therefore, a -shed 

glutamatergic AMPA receptor-mediated neurotransmission, demonstrateci in the GluR2 n d  

mutant mice (Jia et al., 1996), may increase neuronal susceptibility to fiuther depression by 

isoflurane. This e b c e d  isoflurane depression of glutamatergic synaptic neurotransmission in 

the dorsal hom may explain the increased HPWL times observed in the GluRî nuü mutant mice- 

In addition to antinociception, isoflurane and other volatile anesthetics depress another 

spinally-mediated response. Volatile anesthetic depression of spinal motor neuron activity is 

thought to induce Mmobilization (King, RampiI, 1994) (Rampi1, King, 1996). In the GluR2 ndl 

mutant mouse d e l ,  immobilïzation to a tail-clamp stimulus occurred at similar concentrations 

of isoflurane, halothane, and desflurane as in the wildtype mice (Ip et al., 1999) (see section 

3-4.2). This is consistent with an unaltered hct ion of motor neurons in the GluR2 null mutant 

mice, since motor neurons in the spinal cord normally have a low expression of the GluR2 

subunit (Furuyama et al., 1993) (Petralia et al., 1997a) (Momson et al., 1998) (Wiiams et al., 

1997). Hence, irnmobilization by anesthetics is unaffected by the GluRî subunit nuli mutation, 

Using the GluR2 nuil mutant mouse, we showed merences in spinally mediated sensory 

and motor responses which underlie antinociception and immobility endpoints of volatüe 

anesthesia, respectively. Our results suggest that the GluRî subunit is important in modulating 
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isoflurane-induced ~illtin~ception but not irnmobilïty- In addition to anesthetic mechanisms, 

this model may be used to fùrther Investigate the d e  of GIuR2 subunit expression in mediatkg 

hyperalgesia or dodynia as a result of AMPA receptor recnlhnent to synapses. Therefore, the 

G l W  ndi  mutant mouse modei may be used as a behaMorai mode1 in which to study the roIe of 

this AMPA receptor subunit in physiologicd nociception, the development of pathological pain 

disorders, and moduiating the effects of pharmacologicaI anaigesics, 

Ttris chrrpter hm been combined with Chapfer 3 r;rt a paper erttitled- BLockade of AMPA 

receptors and voIutiZe anesthetics: reduced unesthetic requriement in GZ* null mutant mice for 

obtundafion and dnociception but not immobility (occepted for publication in AnesthesioCogy). 

D. T. Joo pejomed the pilor mtinociception studies- D. Gong perfomed the anfinocicepive 

experiments and D, T_ h o  the anajlsis for these studies. 



146 
5. THE EFFECT OF GLüR2 SUBUNIT-DEE'ICIENT AMPA RECEPTORS ON 

FAST EXCITATORY NEUROTRANSMISSION 

The AMPA subtype of glutamate ionotropic receptor is responsi'ble for mediahg fast 

excitatory postsynaptic n e ~ f ~ ~ s s i o n .  The majority of AMPA receptors in the forebrain 

contain the GluR.2 subunit, however, downregdation of the expression of this subunit c m  occur 

after an ischemic brain injury. Because the GluR2 subunit may also be important in the synaptic 

Iocaiization and clustering of  AMPA receptors, aïterations in excitatory neurotraasmîssion may 

resdt fiom its dowuregdation. Using electrophysiological methods, we investigated the role of 

the G l W  subunit in AMPA receptor-mediated fast excitatory synaptic responses and in the 

surface expression AMPA receptors. 

Whole cell miniature excitatory postsynaptic currents (mEPSCs) were studied in cultured 

hippocampal neurons fiom wildtype (+f+) and GluR2 null mutant (-A) mice. Miniature 

inhibitory postsynaptic currents (mIPSCs) were also recorded f?om these neurons as controls. 

Whole cell kainate- and glutamate-evoked current densities were also rneasured and compared 

between the (+/+) and (-1-) neurons. In addition, single channel conductances mediated by these 

agonists were calcdated and an estimate of AMPA receptor abundance was obtained- 

There were no differences in the amplitude, decay, and fkquency of mEPSCs and 

mIPSCs in (+/+) and (-/O) neurons. In con- whole ce11 glutamate-evoked responses tkom (4.) 

acutely isolated neurons showed a greater extent of desensitization but no changes in amplitude 

compared with (+/+) neurons. Kainate-evoked current density in (4) hippocampal cultured 

neurons were greater than in (+/+) controls, without a difference in single channel conductance 

measured at a holding potential of -60 mV. 

Previous studies that examined eEPSCs fkom (4) hippocampal siice showed reduced 

amplitudes of AMPA receptor-mediated currents compared to (+/+) controls. Therefore, with 
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releases of glutamate fiom several presynaptk sites, the respollses of GIuRî- the synchronized 

deficient AMPA receptors is reduced- However, responses to glutamate released fiom a single 

synaptïc site are not changed in GluR2-deficimt neurons. In addition, in the GLuR2 nuil mutant 

neurons, exttasynaptic AMPA receptors are in greater abundance. These resuits suggest that the 

absence of GiuR2 expression resuits in reduced quantities of synaptic AMPA receptors, a greater 

proportion of "silent" synapses, and a large number of ''uatranspoaeà", somatic, extrasynaptic 

AMPA receptors, Therefore, the GluR2 subunit is important in the locaiizatiotl of AMPA 

receptors fiom extraqnaptïc to synaptic sites, but does not affect mEPSC responsew 
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5-2 INTRODUCTION 

AMPA meptors mediate the fast component of excitatory neurotransmission. ' The 

majority of AMPA receptors in the cortex and hippomnpus contain the GluR2 subunit- A 

relative absence of the GluR2 subunit expression r e d t s  in AMPA receptors that are ca2+- 

permeable (Hollmann et al., 1991) (Gustafisson et d, 1996)- In addition, these AMPA receptors 

are sensitive to inhibition by intemal polyamines, resulting in a recti@kg current-voltage 

relationship of the receptor-channels (Washbum et al., 1997)- 

The downreguiation of  G l W  mRNA and surface protein in previously GluR2- 

expressing neurons can occur In the forebrain after -ent ischemia induced by cerebral vesse1 

iigation (Peliegrini-Giampietro et ai,  1992) (Pe1legri.i-Gismpietro et al., 1994a) (Gorter et ai., 

1997) (Oguto et al., 1999). Transient cerebral ischemia is also associated with alterations in 

excitatory postsynaptic potentials (EPSPs) and cutfents (EPSCs) (Gao et ai., 1998) (Tsubokawa 

et al., 1995). Post-ischernic hippocarnpal CA1 pyramidal neurons demonstrated spontaneous 

EPSCs with greater sensitivity to Joro spider toxin and naphthyl acetyl spermine (Tsubokawa et 

al., 1995) and expressed AMPA receptors with higher wiitary conductance (Tsubokawa et al., 

1995) consistent with a reduction in the GluR2 subunit (Blaschke et al., 1993) (Herlitze et al., 

1993) (Meucci et al., 1996) (Savidge, Bristow, 1998) (Swanson et al., 1997). 

A reduced expression of the GluR2 subunit alone causes similar changes in excitatory 

synaptic activity- GluR2 mRNA antisense oligonucleotides infbsed into the cochlea decreased 

the compound action potentials and spontaneous actiMty recorded fiom the rat auditory nerve in 

vivo (d'AL& et al., 1998). In addition, in viiro whole celi recordings in hippocampal CA1 

pyramidal neurons fkom G l W  n d  mutant mice, which do not express the GluR2 subunit, 

demonstrated evoked EPSCs (eEPSCs) with reduced AMPA component rise and amplitude due 

to postsynaptic changes (Jia et al., 1996). Therefore, GluR2 subunit expression in AMPA 

receptors may play an important role in maintairhg normal fast synaptic neurotransmi*ssion. 
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Recentiy, the GluR2 subunit C-terminus (GluIUct) association with the chapemne 

protein, N-ethyMeimide sensitive fiision WSF) protein, has been s h o w  to be important in 

synaptic transmission (Nishimne et al., 1998) (Song et ai., 1998)- In addition, resîdues of the 

GluWct, downstrearn fiom the NSF binding site, interact with the PDZ domain-containing 

proteins, GRIP and PICKI, to play a role in the clustering of AMPA receptors at the postsynaptic 

density (Dong et al., 1997) (Xia et al., 1999). Consequently, the absence of the GluR2 subunit 

may modulate normal fast synaptic neurotransmission by affecting the postqmaptic localkation 

and hc t ion  of AMPA receptors- 

The aim of this study was to investigate whether the expression of GluRZdeficient 

AMPA receptors affects the AMPA receptor-mediated miniature EPSC (mEPSC) and glutamate- 

evoked responses. Ih addiion, the number of activated AMPA receptors at the neuronal surface 

was deduced through hctional studies of AMPA receptor current density and single channel 

conductance in GluR2 nuil mutant neurons compared to wildtype neurons The hctional 

characterization of GluRZdeficient AMPA receptors is importaut for deteminhg the role of the 

GluR2 subunit in maintahkg ghtamatergk neurotrarismission in the absence of concomitant 

ischemic changes which alter its expression, 
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5.3 MATERIALS AND METHûDS 

These studies were approved by the AnimaL Care Cornmiltee at the Division of 

Comparative Anatomy, Faculty of Medicine, University of Toronto- 

5.3-1 Nemnal Preparatr-ons 

Acufei'y Dissociüted HippocampaI Newons 

Acutely dissociated hippocampal CA1 pyramidal neurons were prepared as previously 

desmiid (Jw et al., 1999) (see sections 2-3-3 and 3-3-2) for the study of giutamate-evoked 

responses in wildtype (+/+) and GluR2 nuU mutant (4) ceiis. The genotypes of aii mice used in 

these studies were confhned by PCR of tail genomic DNA. 

Postnatal H@pocmpaI Ceil Culture 

Postnatal cultured hippocampai neurons were prepared as previously desmiid (see 

sections 3-3.2) for the study of mEPSCs and mIPSCs in (+/+) and (-/-) c e k  Tails of the pups 

fÎom which each culture originated were retained for PCR genotyping. 

5.3-2 EZectr~phy~iol~gî~uZ Recordings 

Whole-cell Recordings 

Acutely dissociated and cdtured hippocampai neurons were used for whoie ceii 

electrophysioiogical recording as previously described (Joo et al., 1999) (see sections 2-3.4 and 

3-3.2). The NMDA antagonist, L-(+)-2-amino4phosphonovaleric acid (APV) at 40 pM, and 

MgC12 at 2 mM was added to the extracellular solution in all experiments using glutamate as the 

AMPA receptor agoni* Whole cell currents evoked by saturating concentrations of agonist, 

kainate (applied to cdtured neurons) or giutamate (applied to acuteiy dissociated neurons) were 
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recorded with an Axopatch 1D or Axopatch 200 amplifier (Axon riistniments Inc, Foster City, 

CA) and açquired, measured, analyzed and plotted as previously d e s c r ï ï  (see section 3.3-2). 

AMPA Recepror-Mediad Current Demftr'es 

Kainate curtent density was detennined fiom both acutely hlated and cuitured 

hippocampai neurons. Kainate current density was calculated by normalking the peak c ~ e n t  

(in PA), evoked by the application of 1000 (near-saturating) or 3000 p M  (saturating) kallrate, to 

ce11 capacitance (in pF) which was estimated by the area under the capacitive transient evoked by 

a 10 mV hyperpolarization. These measurements were made within the nrst 10 - 30 min of the 

whoIe cell recordings. 

In a separate set ofexperiments, the endogenous neurotransmitter, giutamate, was applied 

to acuteiy dissociated hippocampal neurons for 1 s foilowing a 10 mV hyperpolarization. The 

fast motor-stepped application system was used to apply the agonist. Therefore, both peak 

response and steady-state responses were measured and normalized to capacitance- 

Miniature Postsynaptic Currents 

Isolated AMPA-receptor mEPSCs, which represent the activation of synaptic receptors 

by the spontaneous release of glutamate, were recorded from cultured hippocampd neurons. As 

a control, the mlPSCs mediated by GABAA receptors were recorded fiom both types of cultures. 

Recording pipettes were pulled as describeci above, fire polished and coated near the tips with 

Sylgard 184 (Dow Coniing, Midland MI) to reduce pipette resistance (approximateLy 2 - 5 Mn), 

The intracellular solution used was modified by replacing the CsF 170 mM with an admixture of 

CsF 70 m M  and CsCl60 mM in order to increase the outward GABAA receptor activated current 

amplitude carried by Cl- ions. Whole ce11 recorduigs of mEPSC and mIPSC events were made at 

a holding potentiai of -60 mV. Selective antagonists for NMDA and GABAA receptors, APV 40 
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pM and bicuculline IO @l, respectiveIy, were extemaily applied to obtain mEPSC events; 

NMDA and AMPA receptor antagonists, APV 40 plkf and CNQX 10 pM, were appiied for 

mIPSC events. AU recordings were made at m m  temperature (20 - 22 OC). Data, acquired 

online, were analog filtered at a corner fiequency of 2 Hz, digitized with a samphg fiequency of 

5 - 20 ktIz, and analyzed using Strathclyde SCAN software (Strathclyde, UK). The m e r  level 

for detection of events was maintained at -3%. Access resistance (at least 80% compensated) did 

not affect peak amplitude nor decay of AMPA receptor-mecüated mEPSC but slowed the rise 

t h e  by approximately 0.1 - 0.2 ms; hence, access resistance was not compensated in the data 

presented. 

The average of al i  mEPSCs and mIPSCs events b m  each nemn (beîween 30 - 200 

events) was measured for peak amplitude and decay thes, and the fiequency of these events was 

determined. Then all mEPSC events were pooled and cumulative fiequency histogtams were 

constnicted for peak amplitudes and decay times, which were compared between (+k) and (4) 

neurons. Only mEPSCs with rise times less thsui 1 ms were included in this d y s i s ,  In 

addition, frequency histograms for mEPSC peak amplitude were fit  using the following equation, 

Px = wn:wn:2/3exp[-(xL"-p)2/2c8], 

where Px is the probability that a mEPSC has a particular amplitude (x) and p is the mean and a 

is the standard deviation of the cube root of mEPSC amplitudes. The constant, w, corrects the 

area under the cuve to equal 1 (Abdul-Ghani et al., 1996). 

Single Channel Recordings 

Using ke-polished and Sylgard-coated patch electrodes filled with standard extracellular 

solution wiîh MgClz 2 mM, APV 40 IiM, and either glutamate 25 pM or kainate 10 pM, single 

charnel currents were recorded h m  cell-attached patches fiom acutely dissociated (+/+) or (4.) 
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CA1 pyramidal hippocampal neurons. Patches were voltage clamped at 0, +40, +60, +80, -80, - 

60, and -40 mV successively using an Axopatch 200 amplifier (Axon Iostniments Inc.). Single 

channel c&rents were nItered at 2 digitized using a TL-1 DMA Interface (Axon 

Instruments k), and sampled on-line at a kquency of 10 lcHZ using Fetchex, pCLAMP 

software (Axon Instruments hc.). Current recordmgs were selected for anaiysis based on the 

stability of the recording during a 5 - 30 min interval- All recordings were made at room 

temperature (20 - 22 OC)- 

The threshoId method, set at one W t h e  maximal current amplitude, was used to detect 

transitions fiom the closed to open state. The minimum event duration was set at 300 ps to 

minimize the detection of noise as faIse events. However, no methods were used to correct for 

missed brief events. Therefore, a second approach to analysis of current amplitude ensured that 

a substantial number of brief events were not excluded- This entailed binning the data to plot 

amplitude histograms using the pSTAT program, pCLAMP software (Axon Instruments hc.). 

From an events List of open dweii times, an amplitude histogram was constructed and mean 

uoitary currents were determhed by fitting the sums of exponential fimctions to the plotted data 

using the method of maximum Likelihoodd The number of exponential components was 

detennined by the best visual fit (three components for glutamate-activated currents, one 

component for kainate-activated currents). 

5.3.3 Statistical Analyses 

Statistical analyses of the electrophysiologicaI data were undertaken using SigmaStat 

(Jandel Scientific Inc.). All data were reported as mean & SD. Parameters measured in the (+/+) 

and (4) neurons were compared using the Students' t-test. Compared data sets for which SD 

values were detennined to be significantly different (using an F-test) were compared using the 

altemate t-test with Welch's approximate. Data for which normality testing failed were analyzed 

with corresponding non-parametric tests. 



RESULTS 

5-41 Kainne-Evoked Cürrent Densï-ty is Not Decreased in GIuR2-Defiaènt Cultured 

HJPpocampaI Newons or Actrtely IsoIafed Neurons 

Kainate current density is a gmss measure o f  postsynaptic AMPA receptor b c t i o n  

{nmber, conductance, and open probabsty) nonnalized to ceil capacitance or ske- Both 

autely isolated and cultured newons were used for recording, since k t e  current density in 

these preparations de f i e  AMPA receptor function in the soma, as well as, soma and dendrites, 

respectively- The maximum current evoked by saturaîïng concentrations (tOOO p M  or 3000 @f) 

of kainate (I-) was not idluenceci by the presence of the GIuR2 subunit (tables 5-1 and 5.2). 

However, measurements of membrane capacitance in (O/-) neurons were signincantly less than in 

(+/+) neurons when measured in cuitured (table 5.1) but not isolated (table 5.2) hippocampal 

neurons. The resultant kainate current density was not reduced in the (4) neurons as predicted 

in either preparation (table 5.1 and 5.2). 
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TABLE 5.1. KAINATE CURRENT DENSITY IN CULTURED HIPPOCAMPAL NEURONS 

*signXcant with Student's t-test for statisticai merence, p c 0.05 

aH entries are mean t SD 
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TABLE 5-2, KAINATE CURRENT DENSLTY IN ACUTELY ISOLATED HIPPWAMPAI, 
NEURONS 

*signincant with Student's t-test for statistical merence, p < 0.05 

al1 entries are mean + SD 
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5.4.2 Glutamate-Evoked Ciments Show Greater Extent of Desensiriiatiort in GluU.2-Deficient 

Mole  ceil current evoked by 3 mM glutamate revealed a greater steady-state to peak 

ratio in (+/+) compared to (4) neurons (0-10 i 0.07, n = 24, versus 0-05 f 0.04, n = 21, 

respectively, p < 0.05) (figure 5-1). The average peak responses were not dsfferetlt between the 

groups of neurons (3206 t 1391 pA versus 3669 + 2218 PA, p = 0.42), however, the steady date 

responses were decreased in the (-/O) (181 + 133 PA) relative to (+/+) newons (3 12 + 233 PA) (p 

< 0.05)- These glutamate evoked current responses were adequately fitted using a single 

Y = Ai * exp {-(t-k)/~r ) + C, 

where k is the tirne at the start of the trace, Ai is the amplitude, rl is the time constant aftiecting 

the slope of the decay, and C is a constant- The desensitization (decay of current responses in the 

presence of agonist) tirne constants were not significantly different between the (+/+) and (4) 

neurons (28 + 15 ms versus 23 + 16 ms, respectively, p = 0.29). As weil, deactivation (decay of 

current responses in the absence of agonist) tirne constants were no different (25 f 15 ms versus 

19 + 11 ms, respectively, p = 0,14)* These-data suggest that a reduced steady state current Ïs 

mediated by desensitized (-/-) compared with (+If) AMPA receptors, however, the rate of 

desensitization of the (4) receptors is no different f?om (+/+) AMPA ceceptors This may r e d t  

fiom a greater proportion of desensitized GIuR2-deficient AMPA receptors or h m  a reduced 

conductance through the remaining non-desensitized receptors in the (4) neurons. 
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FIGURE 5-1. Glutamate-activated currents m acutely isolated CA1 hippocampd p-clai 

neurons h m  wiidtype (+fi) and GluR.2 dl mutant (-1-) mice- (A) Representaîive AMPA 

receptor-mdated cunent evoked by saturathg giuîamate (3 mM) applied for 1 s fiom a (+/+) 

neuron. (B) Representative AMPA receptor-mediated current h m  a (6) neuron, 



FIGURE 5.1. GLmAMIATE-ACTIVATED CURRENTS IN ACUTELY ISOLATED CAL 
HIPPOCAMPAL PYRAMlDAL NEURONS 

Glutamate 3 mM Glutamate 3 mM 
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5-4.3 Glutant~te~Evok-ed Srea& State But Not Peak Ciment Dem-ty is Decreased in Gl&- 

When glutamate-evoked current density was measured in a separate group of isdaied 

hippocampai p-dai neurons, the peak glutamate current density was unchanged; whereas, 

the steady-state glutamate current density was much reduced in the (4) neurom (table 5.3). This 

reduction of cunent density in the deseositized state of (4) AMPA receptoa is the d t  of a 

greater degree of receptor desensitlzation and the larger membrane capacitance of these (40) 

neurons. 
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TABLE 53- GLUTAMATE PEAK AND STEADY-STATE CURRENT DEMITTES IN 
ACUTELY ISOLATED HIPPOCAMPAL NEURONS 

Peak 
(+/+), n = 23 

Steady State 
(+/+), n = 23 

Peak 
(-1-), n = 21 

Steady State 
(-4, n = 2 1 

(3000 ph4 Glutamate) 

*significant with the alternative t-test, with Welch's approximate, for statististical difference, p c 
0.05 

ail entries are mean f SD 
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5-44 Mimuîwe Eircitatory and Inhibitory Postsynaptic Currents fiorn Wifdkype and GluRZ- 

As kainate and glutamate current density measUres hclude the activity of both synaptic 

and exttasynaptïc receptors, we proceeded to direçtly investigate synaptic events through AMPA 

receptor-mediated mEPSCs. The peak amplitude, an estimate of the activated synaptic AMPA 

receptors after the release o f  a single ~uantum of glutamate, and decay were measwed for each 

averaged trace denved h m  events recorded fbm one neuron (figure 5.2A). The average peak 

amplitude and decay of the mEPSCs were no different between (+/t) and (4) cdtured 

hippocampai n e m m  (table 5.4)- As a control, mIPSCs fiom both types of cultures were aIso 

recorded and found to be simiiar (table 5-4). The mEPSC events h m  these neurons were then 

pooled and analyzed individually with respect to peak amplitude and decay tirne. The plot of  

decay versus peak amplitude showed no obvious relationship berneen these two parameters and 

did not W e r  for (+/+) and (-f-) neurons (figure 5.2D)- As well, the hquency and cumulative 

fiequency histograms of peak amplitude and decay time constants of  the responses were no 

Werent (peak amplitudes: figure 52B and C; decay time constants: figure 5.2E and F) for these 

two populations of neurons- 
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FIGURE 5 2 -  excitatory postsynaptic cments (mEPSCs) recorded h m  cultured 

hippocampal neurons. (A) Representative averaged traces of mEPSCs recorded fiom a (+) 

neuron (n = 141 events) and (-f-) neuron (n = 138 events). (B) Frequency histograms of mEPSC 

peak amplitudes h m  (+/t) and (4-) neurons were fitted and show to have similar mean 

amplitude values- (C) Cumulative fiequency histograms of mEPSC peak amplitudes h m  (+/+) 

(O) aud (-f-) (O) neurons are almost identical. (D) There is no reIationship between decay time 

constants and peak amplitudes ofmEPSCs nom (H+) (n = 998 events) and (4) (n = 926 events) 

neurons, (E) Frequency histograms of  mEPSC decay time constants fiom (*) and (-/-) 

neurons. (F) Cumulative kquency histograms of mEPSC decay thne constants nom (+/+) (a) 

and (-f-) (O) neurons are similar. 
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FIGURE 5.2. MINIATURE EXCITATORY POSTSYNAPTIC CURRENTS (mEPSCs) 
RECORDED FROM CULTURED HIPPOCAMPAL NEURONS 

peak amplitude =-38-77 PA 
decay (tau) = 2.03 ms 
fiequency = 1 - 1 188 eventds 

peak amplitude = 42-09 PA 
decay (tau) = 236 ms 
hqyency = L-7230 events/s 

Cumulative Peak Frequency 

(+/+) mEPSC Peak Histogram 
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(4) mEPSC Peak Histogram 
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TABLE 5-4- MIMATURE EXCITATORY AND INHiBITORY POSTSYNAPTLC 
CURRENTS, PARAMETERS MEASURED FROM THE AVERAGED TRACE IN EACH 
NEURON 

Neuron Type 1 Amplitude @A) ( Decay (T in ms) 1 Frequency (Hz) 

Neuron Type 

(+/+), n=18 
Amplitude @A) 
30.0 & 9.6 

Decay (.r in ms) 
3.2 t 1.0 

Frequency (Hz) , 

0.54 + 0.38 
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5.4.5 Single Chminel Condixtance Do Not Dzrer Between Wildtpe and GluRZ-DeJicient 

Neurons at a Holding Potential of -60 mV 

Kaïnate 10 pM and glutamate 25 p M  added to the patch pipette solution d t e d  in 

sinpie c h e l  openings fiom celL-attached patches (figures 5.3 and 5.4). With glutamate 

agonist, at a holding potential of -60 mV, the three conductance levels discemed for the (+/t) 

and the (4) newons were similar at the lowest (6.3 t 1.1 pS and 6.6 & 1.7 pS, p = 0.72) and 

highest (192 I 2.6 pS and 21.2 f 2.7 pS, p = 0.25) conductance states. However, the 

intermediate conductance state was pater in (4) (152 t 2 9  pS) than in the (+/+) (1 1.1 r 1.6 

pS) neurons (p c 0.05) (figure 5.5). Despite this, the mean uni- conductance evoked by 

kainate did not m e r  between the (H+) (5.2 I 0.2 pS, n = 4) and the (-19 (5.5 t 03 pS, n = 4) 

neurons (p = 0.44). Therefore, AMPA receptors activated during mEPSC and kainate- or 

glutamate-evoked currents recorded in (+) and (4) neurons at a holding potential of -60 mV 

are not different in their unitary conductance, 
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FIGURE 53. Singie channel currents evoked by applicaîiotls of kaimite 10 (iM to cell-attacheci 

patches, at a holding potential of -60 mV, h m  acutely isolated CA1 hippocampd pyramidal 

neurons. Representative traces are shown for (A) nemm fimm (+k) mice and (8) murons h m  

(4) mice. Inward currents are represented by downward deflections- 
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FIGURE 5.3. SINGLE CHANNEL CURRENTS EVOKED BY APPLICATION OF ECAINATE 
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FIGURE 5.4. Shgie channe1 currents evoked by applications of glutamate 25 pM to ceU- 

attached patches, at a holding potentid of -60 mV, h m  acutely isolateci CA1 hippocampal 

pyramidal neurons. Representative traces are shown for (A) neurons h m  (+f+j mice and @) 

neurons nom (6) mice- Inward currents are represented by downward deflections. 



FIGURE 5.4- SINGLE CHANNEL CURRENTS EVOKED BY APPLICATIONS OF 
GLUTAMATE 
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FIGURE 5.5, CurrentvoItage relations for single channel currents recorded in the celi-attached 

configuration are shown, Cuzre~lts at different hoidhg potentils were reçorded h m  the same 

(A) (+/+) and (B) (4) neurons, The conductances measured at a holding potentid o f  -60 mV 

were not different between the two types of neurons. The reversai potential was previously 

demonstrated to be O mV (see section 6 4 2 ) -  



173 
FIGURE 5.5, CURRENT-VOLTAGE RELATIONS FOR SINGLE CHANNEL CURRENTS 
RECORDED IN THE CELL-AIITACHED CONFIGURATTON 

(+/+) low conductance 

A (+/+) medium conductance 

r (+/+) high conductance 

A (-ID) low conductance 

v (4) medium conductance 

0 (-1-) high conductance 
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5.5. DISCUSSION 

Despite an inmeased kainate-evoked cment density in cuitured hippoçampal neurons 

fiom GIuR2 null mutant mice, mEPSCs, which represent the synapticaily-activated AMPA 

receptor currents h m  these neurons, do not diffier in peak amphde, decay, or fkquency fiom 

wildtype neurons, The uni- conductance of GluRîdeficient and GluRî-conmhïng AMPA 

receptors are similar at -60 mV, Therefore, the kainate-evoked current density and mEPSC peak 

amplitudes c m  be used to calcdate the number of activated AMPA receptors at extrasyaaptic 

and synaptic sites, respectively, assuming that the open probablity of GIuR2-deficient and 

GluR2-contauiing receptors are not different. Hence, the G l W  n d  mutant neurons have a 

greater number of extrasyaaptic but a normal complement of synaptic AMPA receptors at 

spontaneously active synapses. However, AMPA receptor-mediated eEPSCs are reduced in 

GluR2-deficient neurons (Jia et ai., 1996). This suggests that a reduced number of AMPA 

receptors exist at current-evoked synapses and that the mechanisms by which AMPA receptors 

are localized to postsynaptic sites are modulated by an absence in GluR2 subunit expression. 

Aithough mEPSCs and eEPSCs are direct measures of synaptic activity, the multiquantal 

release of neurotransmitter demonstrated using these recording methods are different. Evoked 

EPSCs result nom the synchronous release of a large number of quanta at numerous synapses 

(Wail, Usowicz, 1998) and have decay time constants that are affected by the synchrony of 

transmitter rdeases and dendritïc nItering of responses at variable distances fÎom the recording 

site. Miniature EPSCs are putatively the r e d t  of the spontaneous release of a single quantum of 

neurotransmitter (Frerking et al., 1997) and, hence, are not Sected by transmitter release 

synchrony. Dendrîtic filtering may cause significant variability in respomes originating h m  

synapses at varying distances h m  the recording electrode. Therefore, by choosing mEPSC 

events with faster nse thes  (< 1 ms) which &se fiom synapses close to the recorduig electrode, 

the variability in amplitude and decay of these responses is decreased. The mEPSCs recorded 
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fiom GluR.2 d mutant and wildtype newons had simiiar peak amplitudes and decay, in 

contrast with the reduced ampih.de AMPA eEPSCs (Jia et ai., 1996). These dïffèrences may be 

due to a reduced giutamate release or postsynaptic efficacy- A presynaptic mecWsm is 

unlikely, since no changes in paired-puise facilitation or presynaptic nber voky were evident 

(Jia et al., 1996)- 

Postsynapticaliy, changes in synaptic AMPA receptor quantity, unitary conductance, and 

open probability may affect the amplitude of the eEPSC response, The unïtary conductance of 

GIuR2-containlng and GluR2-deficient AMPA receptors activated by giutamate and kainate 

were not different at a holding potential of -60 mV (the holding potential used for the eEPSC and 

mEPSC shidies). In addition, the AMPA receptor open probabilities were likely no diffkrent 

between these neurons as noted by similar open dweli time histograms (data not shown), 

Therefore, a change in AMPA receptor quantity at synapses may account for the reduced 

amplitudes of eEPSC responses in GluR2-deficient neurons. However, if there were reduced 

numbers of AMPA receptors at al l  synapses, then the amplitudes and/or fiequency of the 

mFPSCs would dso be reduced, 

One possibility is that there are fewer AMPA receptor-containing synapses contributhg 

to an increased proportion of ccsilent" synapses in the neurons f?om GluR.2 nuil mutant mice, but 

a normal complement of AMPA receptors may be present at synapses activated by the 

spontaneous release of glutamate. A larger proportion of "silent" synapses may d o w  for a 

potentiaily greater enbancement of LTP, which Likely occurs with the insertion of AMPA 

receptors into synapses (Mainen et al., 1998) (Nayak et al., 1998), in the GLuR2 nuii mutant 

hippocampal slice (Jia et al., 1996). 

The GluIUct is important for interaction with many proteins, including NSF (Song et ai., 

1998) (Nishimune et al., 1998) (Osten et al., 1998), ABPs (Srivastava et al., 1998), PICKI 

(Wyszynski et al., 1999), and GRIP (O'Brien et al., 1998) (Wyszynski et al., 1998) (Song et al., 
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1998), which promote or stabilize the surfiace expression of GluIUcontainuig M A  receptors. 

Constitutive expression of the GluR.2 subunit may rely on these Interactions; whereas, GluR2- 

deficient AMPA receptors (GIuRl homomeric receptors) seem to tequüe an activity4ependent 

form of SlICfhce expression (Hayashi et al., 1999). Therefore, reduced AMPA receptor 

expression at inactive synapses in GluR2 null mutant mice is a plawiIe expIanation for the 

greater proportion of "silent" synapses contn'buting to a decreased AMPA eEPSC amplitude. 

It is also iikeIy that an increased proportion of "silent" synapses wodd increase the 

number of faüures of respoIlSe d e r  the release of giutamate and decrease the fiequency of 

mEPSCs. However, no hquency changes in mEPSCs recorded fimm Glu= null mutant 

neurons were noted. One possible explanation for this may be the increased potency of 

giutamate at GluR2-deficient AMPA receptors, which are activated with greater fiequency after 

the release of neurotransmitter compensating for the reduction in fcequency due to a higher 

proportion of "silent" synapses. Although we did not previously show any Herences in 

glutamate potency at GluRî-containing aud GluR2-deficient AMPA receptors (see section 

3.4-3), the peak responses to agonist were not accurately measured. The motor-stepped agonist 

perfusion system has a solution exchange time of 300 p, which is slower tban the omet of the 

glutamate evoked response; this restricts the resolution of the actual peak response and affects 

the concentration-peak response relationship, 

Mtematively, rapid and effective desensitization of GluR2-deficient AMPA receptors, as 

shown by the whole ceU glutamate-evoked responses in acutely dissociated hippocampal 

neurons, may reduce the eEPSC amplitude. Though controversial (Vyklicky et al., 1991) 

(Atassi, Glavinovic, 1999), many authors agcee that the rate of decay is more consistent with the 

time couse of deactivation, rather than desensitization, of AMPA receptors due to the dil3ùsion 

or reuptake of glutamate nom the synaptic cleft (Hjelmstad et al., 1999). The rapid removal of 

the agonist, Wcely less than 1 ms, probably does not d o w  M A  rpceptors time to desensith 
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Our glutamate-evoked currents dso showed no merence in the rate of deactivation of GluR2- 

deficient compared to wildtype AMPA teceptors. However, desensitization of AMPA receptors 

may play a d e  in the decay of eEPSCs, but not mEPSCs, since chauges in desensitization affect 

currents redting fiom high level or muitiqpantal glutamate release but not low level release 

(Trusseli et al., 1993) (Hjelmstad et al., 1999)- 

Capacitance measurements were reduced in culture neurons h m  GluR2 null mutant 

mice consistent with higher input resistances measured in slice preparations (Jia et al., 1996). 

Aithough these measurements suggest that GluR2 null mutant mice have smaller neurons, this 

was not evldent under Iight microscopy. However, another study has shown that newons fiom 

their GluRS null mutant mice have decreased d e n M c  arborization (FeIdmeyer et al., 1999) 

which may account for the decreased capacitance in our GluRî-deficient neurons. Less dendntic 

synapses and decreased synaptic AMPA receptor expression ("silent" synapses) may also 

account for the reduced eEPSCs in these neurons. 

A reduction in amplitude and slope of evoked EPSPs and a decreased spontaneous action 

potentid firing rate due to a deche in synaptic efficiency was also demonstnited in CA1 

hippocampal neurons, >24 hours after reperfusion (Gao et al., 1998) when GluR2 expression is 

thought to be dowmegdated (Peliegnni-Giarnpietro et al., 1992) (Gorter et al., 1997). In another 

study, spontaneous EPSCs fkom CA1 pyramidal neurons in hippocampal slice shower a slower 

time courses with an increased decay t h e  constants but unchanged fiequency or amplitudes, 1 to 

2 days post-ischemic insult (Tsubokawa et al., 1995). The inconsistencies of these red t s  

suggest that postischemic changes in excitatory synaptic transmission are multivariate, dynamic, 

and unlikely to be due to the downregulation of the GluR.2 subunit alone. 

The absence of the GluR2 subunit alters AMPA receptor expression, however, excitatory 

neurotransmission remains unchanged at synapses activatd by the spontaneous release of 

glutamate as measured by mEPSCs. This may contribute to the survivai and the absence of 
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major nemlogicai dyhction in the GIuR2 nuIl mutant mr'ce- However, an overaii reduction m 

AMPA receptor expression at their synapses may still occur and a rPduced excitatory 

nemtransmission evldent behaviorally by the enhanced semllSltivities of these mice to 

neurodepressive agents (Joo et al., 1999) (Tp et al., 1999). 

The results in rhis cilapter will be publikhed along with the imagntg shrdies proposed in the 

Fwwe Directions- 

G. Zhu cuntributed the single c h d  tqperiments a d  D.T. Joo did the remoming 

e1ectrophysio~ogrCal shrdies descri6ed rit this c k p ~ e r -  
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6. CALCIUM PERMEAIION THROUGH GLUR2-DEFICIENT AMPA 

RECEPTORS DOES NOT INFLUENCE EXCITOTOXICITY 

Calcium influx through activated AMPA receptors modulates synaptic plasticity and may 

dso trigger excitotoxicity. Most AMPA receptors in cortical neurons include the GluR2 subunit 

However, this subunit is dowmeguiated after global ischemia, resulting in an increase in GluRî- 

deficient AMPA receptors that are permeable to ca2+- According to the "GIuR2 hypothesisY', 

this reduction in GluR2 expression is associated with an enhanced excitotoiç ceU de&- The 

purpose of this study was to determine the relationship between GluR2 expression, ca2+ 

permeability of AMPA receptors, and excitotoxicity by undertaking in vitro and in vivo studies 

in mutant mice that lack the GluR2 subunit 

Whole cell patch clamp recordings and Iabeling studies were used to hvestigate ca2+ 

permeability in cortical neuronal cultures fiom GluR2 nuli mutant (-/-), heterozygous (W-), and 

wildtype (+) mice. AMPA receptor distribution and the abundance of ca2\bufEering proteins 

were also detennined to ensure that these factors did not dEer significantly between the (-/-), 

(+/-), and (+) cortical neurons. Also, excitotoxicity studies to kainate and glutamate were 

undertaken in these cortical cultured neurons. Finaily, in vivo excitotoxicity observed foliowing 

intraperi?oneal or intrahippocampd kainate administration was studied in the (-/-), (+/-), and 

(+/+) mice. 

Despite the higher ca2+ permeability in the (-/-) and (+/O) neurons, AMPA receptor- 

mediated toxicity was similar in the (-/-), (+/-), and (+/+) neurons. Excitotoxic neuronal death 

through Ah4PA receptors was consistent with ~ a f ,  rather tha. ca2+, influx-mediated damage. 

The wlwrability of CA1 and CA3 hippocampal neurons, in vivo, to stereotactic kainate 

injections and intraperitoneal kainate administration was also independent of GluR2 expression. 

The lack of contribution of ca2+ permeability to excitotoxicity in the GLuR.2 nuli mutants was not 
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explaineci by compensatory changes in the distriiution, expression, or fûnction of AMPA 

receptors, or ca2+ b i i f f i g  proteinS. 

GluR2 exp-on does not inauence excitotoxicity through AMPA receptors in cortical 

neurons despite the increased ca? pemieability of GluR2-deficient AMPA receptors. 
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6-2 INTRODUCTION 

In the mammalian CNS, the AMPA subtype of glutamate receptor is a heteromer 

consisting o f 4  possible subunits, G l W ,  GluR2, GluR3 and GluR4 (Hollmann, Heinemann, 

1994). The kjority of AMPA receptors in the forebrain, especialiy in hippocampai and cortical 

nettrous, include the GLuR2 subunit (Keinanen et ai., 1990) @Condo et al., 1997)- The reduced 

permeabïüty of AMPA receptors to ca2+ is determined by the presence of the GluR2 subunit. 

This subunit has a positively charged arginine at position 586 of the reentrant pore loop (Q/R 

edited site) ï n s t d  of a neutral giutamhe found in the other AMPA receptor subrnUD1ts @urne et 

al., 1991) (Bumashev et ai., 1992). The position 586-arginine residue in the GluR2 subunit 

prevents divalent ion permeation through the AMPA receptor charnel. Thus, permeability to 

ca2+ ions increases in AMPA receptors tbat are deficient in GluR2 (Hume et al., 1991) 

(Washbum et al., 1997)- 

AMPA receptor-mediated excitotoxicity may occur through two possible mechanisms. 

AMPA receptors, in particular those that contain the GluR2 subunit, mediate neuronal injury by 

allowing ~ a +  ions to enter the neuron This ~ a +  influx with concurrent Cl- and water influxes 

causes the neuron to swell and die (Choi, 1988). Altematively, a reduced expression of the 

GluR.2 subunit 24 to 48 hours d e r  an ischemic event (F'eilegrini-Giampietro et al., 1992) (Gorter 

et al., 1997) (Ying et al., 1997), results in AMPA receptors that mediate an additional source of 

ca2+ influx into neurons contributhg to their death (Kirino, 1982) (hilsinelli et al., 1982). 

Despite similar proposed ca2+-dependent mechanisms for AMPA and NMDA receptor- 

mediated neuronal injury, the intracellular ca2+ concentrations ([ca2qi) resulting from activated 

GluR2-deficient AMPA receptors is measurably less than through NMDA receptors muniashev 

et al., 1995). In addition, low [ca2+]i (180 to 240 nM) C a .  inhibit apoptosis or prognunmed cell 

death (Koike, Tanaka, 1991), which is triggered almg with excitotoxicity &er ischemic injury 

(reviewed in (Lee et al., 1999)). Greater than 5   LM of [ca2qi is required to cause necrosis der 
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glutamate exposure (Hyrc et al., 1997). Therefore, th- may be a window within these ca2+ set 

points, where injury is prevented, raising the possii'biLIty that GluR2 downiegulation is 

neuroprotective rather than injurious (Lee et al., 1999)- 

To determine whether ~a~~permeab~e AMPA receptors mediate enhanced or reduced 

excitotoxicity, we used cortical neurons h m  Glu .2  nuli mutant (-/O), heterozygous (+), and 

wildtype (+/+) mice (Jia et al., 1996) to measure ca2+ permeability, intraceiiular ca2* 

accumulation, and celi death by excitotoxicity- Neurons h m  (&) mice express AMPA 

receptors that are unlfonniy ~a~~-permeable, providing an unprecedented opportunity to examine 

the impact of GluR2-deficient AMPA receptors on AMPA receptor-mediateci excitotoxicity fn 

vitro and in vivo. Here, we used a combination of in vitro and in vnlo methods to examine the 

effect of the GluR2 subunit of the AMPA receptor on the excitotoxic death of cortical and 

hippocampal neurons fcom (44, (*), and (+f+) mice, 



6-3 MATElUALS AND METHODS 

6.3.1 MIXed Cortical CelZ C u b e s  

Mixed cortical celi cultures were prepared using standard metbods (Sattler et ai., 1998)- 

Cultures h m  postnatal mice were separately prepared h m  each 1 - 2 day old pup boni of 

heterozygous (+/O) mice. Each pup was genotyped by PCR, and the cultures were used for 

experiments on the 1 lh day of incubation (Pl2 to P13). Embryonic cortical neuronal cultuces 

(figure 1A and B) were used on the 1 2 ~  to 1 4 ~  &y of incubatioa 

63- 2 Electrophysiology 

Whole cell patch clamp recordings were perfiormed in the cultured neurons at room 

temperature as previously descriid (Jia et al., 1996) (see section 33.2)). ca2+ pemieability 

ratios (PC$PCs) were calculated £tom the reversal potential of currents recorded in 20 mM and 1 

W/RT FVIRT mM ca2+ solutiom using the constant field equation PcJPcz =  CS]^ / (4[Ca],,e* (e +1)}. 

6 3.3 HistoIogrCal Techniques 

Kainate-activated cobalt labeiing (figure 6-1) was perfonned as previously described 

(Pniss et al., 1991) (Turetsky et al., 1994). Tmmunolabeling for GluRl was perfonned in the 

cultured celis (Allison et al., 1998) using a rabbit affinity purif?ed anti-rat GluRl IgG (Upstate 

Biotechnology, 1:3000 dilution), and a secondary Cy5.5-tagged goat anti-rabbit IgG (Jackson 

Immunoresearch, 1500 dilution). For calbindin staining, pdormaldehyde-fixed brain sections 

(30 p) fiom 4 month old GluR2 mutant mice were labeled with monoclonai anti-calbindin-D 

mouse IgGl (Sigma, 1:200 dilution), and then with the Vectastath elite kit (Vector labs) using 

diaminobenzidine as the chromagen. 

6-3.4 immunoblomhg 

Immunoblotting (Jia et ai., 1996) was done using cells harvested fiom 2 

cultures/genotypeAane or fiom 3 brains of each GluR2 genotype. The blotted proteins were 

probed using a rabbit atnnty purifid anti-rat GluRl IgG antiboày (Upstate Biotechnology, 
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Ir3000 dilution), or a monocIond anti-calbindln-D mouse IgGl antibociy (Sigma, I:200 

dilution), The blots were then probed with sheep anti-mouse, or donkey anti-rabbit IgG anti'body 

conjugated to horseradish peroxidase (Arnersham), and the proteins detected by enhanced 

6-3-5 Fïüorescence Imagrng 

rmniunostalned GluRl clusters were visualized with the 647 nm laser Line of a confocai 

microscope (Bio-Rad MRC 1000) through a 60X oïl immersion lem @&on, NA 1.4). 

Fluorescent clusters were counted by two Independent observers in tandom& selected dendrites 

in the ïmaged neurons, and expressed as the numbers of clusters per unit dendrite length (AUison 

et al., 1998). Fura-2 [ca2+ji imaging was perforxned using a confocai microscope, with a 40X oii 

immersion lens (Nikon, 1.3 NA), at identical settings for al l  experiments (excitation 488 nm, 

emission 515LP, iris 6.7 mm, gain 1440, laser intensity 3%, zoom 3.0). A multi-barrd perfusion 

system was used to exchange solutions. Kainate solutions contained MK-801 (10 pM), 

- nimodipine (2 IiM) and in mM: 121 NaCl, 5 KCl, 20 D-glucose, 10 HEPES acid, 7 HEPES ~ a +  

salt, 3 NaHC03, and 1.8 CaC12, 

63.6 In Vitro Excitotoxicity Measwements 

ln vitro excitotoxicity measurements were performed using a previously described and 

validated method (Sattler et al., 1997) (Sattler et al., 1998)- Propidium iodide (PI) fluorescence 

measwements were used as an index of ce11 death. Excitotoxiç exposures were perfomed in 

MEM supplemented with PI 50 @ml. To study AMPA receptor-mediated excitotoxicity, 

neuronal injury was evoked by the application of kainate, an incompletely desemasitizing AMPA 

receptor agonist (Patneau et al., 1993) ofien used for this purpose (Brorson et al., 1994) 

(Turetsky et al., 1994) (Bindokas, Milier, 1995) (Lu et al., 1996) (C-edo et al., 1998). Kaùiate 

was applied to the cultured cortical neurons for 24 h in the presence of MK-801 (10 phf) and 
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nimodipioe (2 pM, Miles PhamiaceuticaIs), antagonists of NMDA and ca2+ channeIs, 

respectively, to prevent their activation (Bmrson et al., 1994) (Sattïer et al., 1998) (Jensen et al., 

1999). This approach isolates ca2+ iaDwc t h u g h  penneable AMPA receptors (Sattler et al., 

1998) and causes W e  ca2+ accumulation in cortical nemm that express the GluR2 subunit 

(Sattler et al., 1999). To study NMDA receptor-mediated excit~toxicïty~ NMDA was applïed in 

a solution containing 6-cyano-7-aitroquiuoxaline-2J-dione (CNQX 10 j M ;  RBI) and 

nimodipine. AU expenments were pedomied at 37 OC. Excitotoxicity was expressed as the 

number of PI-stained neurons nonnaIized to the number of PI-stained neurons in (4) and (+f+) 

24 h &er a 60 min exposure to 100 pM NMDA. This exposure damages al1 neurons in the 

cultures, leaving güa intact (SattIer et al., 1997) (Sattler et al., 1998). 

6-3-7 In Vnto Kainate Injections 

For intrahippocampal (i-h.) injection studies, kainate was sterotactically Ïnjected into 

mice 7 - 9 weeks of age using a pded glas capillary needle (60 juu diameter) inserted halfivay 

between the bregma and lambda sutures, 2 mm lateral to the midline9 at a depth of 1.5 mm 

(figure 6.8C). A 200 nl volume of kainate or saline was introduced over 2 min, and the needle 

withdrawn following an additional 1 min wait. Intraperitoneal (i-p-) kainate injections (15 to 25 

mgkg in a total volume of 200 to 300 pI saline) were performed and the animais monitored for 2 

h for the omet of seizures. The extent of injury was determined after 48 h or 7 days h m  10 p 

sections taken over a 250 p interval (between 200 jm and 450 pm) rostral to the needle tract, 

Ceil death estimates were obtained by manuai counts of Nissl-stained sections h m  the central 

portion of the CA1 or CA3 region every 5h section. 

6-3.8 Data AnaZysis 

Data were analyzed by ANOVA, with a post-hoc Student's t-test using the Bonferroni 

correction for multiple comparisons. AU data are presented as mean t SEM. 



Kaùiate (0.3 to 1.0 mM) produceci rapid swelling and the de& of >80% of the (+lt) 

cortical n e m m  at 24 h (figures 6.1A and B). AppIyïng (-)-GYKI 53784 (3 to 10 IiM), a 

seiective non-cornpetitive AMPA receptor antagonist (Bleakman et al., 1996), compIeteIy 

blocked neuronal damage (figure 6.1A), confinning that the kainate neurotoxicity in these 

cultures was predominantly mediated by AMPA receptors (Ohno et ai., 1997) (Jensen et al,, 

1999). 

W e  investigated the ionic dependence of kainate-evoked AMPA receptor neurotoxicity in 

the (+/+) cultures, GluR2containing AMPA receptor-evoked neurotoxicity is thought to be 

mediated by ~ a +  inaux (Bindokas, Miller, 1995) @oh et ai., 1998) or by Kf efflux (Miller, 

Johnson, 1996) (Yu et al., 1997) (Villalba et al., 1997). The ~ a +  ùinux allows the concurrent 

entry of water and Cl-, which leads to neuronal sweiiing and necrosis, whereas depletion 

promotes both necrosis and apoptosis. K? supplementation promotes cell survivd (Gallo et al., 

1987) (Tymianski et al., 1994). Kainate toxicity was completely abolished in (*) cultures by 

substituting extracellular ~ a +  with N-methyl-D-gluch (NMDG), a protein synthesis inhibitor 

that reduces neuronal apoptosis caused by K+ depletion (Yu et al., 1997). Under these 

conditions, a decrease in the ~ a +  gradient, by Lowering extraçelluiar ~ a + ,  limits the influx of 

these monovalent cations and swelling d e r  AMPA receptor activation, thereby protecting the 

(+/+) neurons fiom excitotoxic injury (figure 6.1 B). 

However, (40) neurons are ~a~~-perrneable due to the lack of the GluR2 subunit. 

Therefore, to m e r  characterize ca2+ permeability in GIuR2-deficient and GluR.2-contaï~i~g 

AMPA receptors, we used whole celi recordings in low (1 mM) and high (20 mM) extracellular 

~ 8 ,  kainate-evoked cobalt staining? and fùra-2 [Ch2qi imaging. 
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FIGURE 6.1. Kainate excitotoxïcity in wildtype cortical neurons and kainatedvated cobalt 

uptake in wddtype and GluR24eficient neurons. A) AMPA receptors mediate kakate toxicity. 

The (H+) neurons were exposed to 1 m M  kainate for 24 h in solution containing MK-801 (IO 

pM), nimodipine (2 pM), and in mM: 121 NaC1, 5 KCl, 1 Na pyruvate, 1.8 CaC12, 25 NafIC03- 

20 D-ghcose, pH 7-4- Kainate toxicity was abolished by (-)-GYICI 53784, a seiective AMPA 

receptor antagonist, n = 6 cultures pet condition. B) Low ~ a +  prote- against kainate toxicity. 

For low ~a+, NMDG was substituted for NaCI. For high Kf, 15 mM KCl was substituted for 15 

mM NaCI. Cyclohexîmide (CEE) was applied at 1 &mi. *4i41 = 6-06, p < 0.0001, **b = 

5.83, p < 0.000 1. N = 8 to 12 cultures per condition. C) Representative staining for kainate- 

activated cobalt uptake in (N+) cultuxes @hase and transmitted light images). D) Kainate 

activated cobalt uptake in neuronal clusters nom (-/-), (+/-), and (+/+) mice. h w s :  cobalt- 

positive neurons in (+/+) cultures, Scaie bars in C,  D: LOO p- 
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FIGURE 6.1. KAINATE EXCITOTOXICLTY IN WILDTYPE CORTICAL NEURONS AND 
KAINAIE-ACTIVATED COBALT UPTAKE IN WILDTYPE AMI GLUR2-DEFTCIENT 
NEURONS 

A 
1-0 

* 1 s 
Q 0.6 
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6.4.2 cdC PenneabiZity of M A  Receptors in GluR2-DejEcr'ent N e ~ ~ o f l s  

Using kainate-activated cobalt nptake as an Indlcator of ~a~+-permeable AMPA receptor 

activation @rus et al, 1991), we examlned whether ca2+-permeable AMPA receptors were 

maintained in cultured cortical neurons h m  (4) mice- AU(-/-) neunons (1 Wh) were intensely 

stained, whereas onIy 4.47 t 1.76% of (W+) neurons (n = 3 cultures per group, kq = 54.13, p < 

0.0001) (figure 6.1D) were stained positively, consistent with previous reports that fewer than 

8% of cdtured cortical neurons exhibit ca2+ permeability (Pruss et al., 199 1). In addition, most 

(H-) newons (>go%) were also cobalt-stained, suggesting that these neurons do not express 

enough G l W  subunits to d o w  the exclusive fommtion of AMPA receptors with reduced ca2+ 

permeability (figure 6. ID). 

Calcium penneab'ity characteristics have previously been examhed tbn,ugh whole ceil 

recordings of acutely isolated CA1 hippocarnpal pyramidal neurons nom (+/+) and (4-) mice 

(Jia et al., 1996), but not in cultured cortical neurons. 

Current-voltage 0 relationships for cuitured (W-) and (+/-) cortical neurons exhibited 

littie or no hward rectification, and theü reversal potentials were insensitive to change fkom low 

(1 mM) to high (20 uM) extraceUu1a.r ca2+ (figures 6.2A and B). This suggests that most 

AMPA receptors in (+/+) newons contai. the edited Glu= subunit, and have a low permeability 

to ca2: Similady, (+A) neurons express sutncient numbers of GluR2 subunits to generate 

AMPA receptor-mediated currents with linear W relationships. This is thought to be due to an 

insensitivity of these receptors to uncornpetitive inhibition by naturaiiy-occurring internd 

polyamines (Bowie, Mayer, 1995) (E30wie et al., 1998) (Donevan, Rogawski, 1995) (Rozov, 

Bumashev, 1999). The whole ce11 data are also consistent with (+/O) neurons expressing 

sufficient quantities of GluR.2 to cause AMPA receptor insensitivity to internai polyamine block 

but not enough to reduce ca2+ permeability (Washburn et aL, 

permeability of (+/-) nemns shown by cobalt-staining, 

1997). Despite the divalent cation 

the electrophysiological studies 



190 
demonstrated a minimal shift in the reversai potentid with hcreased extraceUular ca2+ 

suggesting that a relatively Iow amount ofca2+ permeates these AMPA teceptors. These r e d t s  

are consistent with small ca2+ fIuxes with an accumdated effect observable after a proIonged 

interval. In contrasf (A) nemns exhi'bited both an inward rec-g W r e l a t i ~ ~ p  and a 

ca2*-dependent shift of the reversai potentiai (figure 62C). due to the lack of the GluR2 subunit 

(HoIlmam et ai., 1991) (Jonas et al., 1994) @urnashev et al., 1995). The dculated relative 

ca2+ permeability (Bumashev et al., 1995) of AMPA receptor currents in (-f-) nemons (Pc$Pcs = 

2.17 I 0-46) was 12-fold that of (H+) neurons (PC;JPCs = 0-18 + 0.07) or (+f-) (PCJPCS = 0-1 8 I 

0.1 0) @ c 0.000 1, one-way ANOVA, F = 18.86). Therefore, cortical nemons cdtured fiom (4) 

mice have a higher AMPA receptor-mediated ca2+ penneabiiity as evidence by 

electrophysiological study. 
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FIGURE 6.2. Enhanceci ca2+ permeability and increased kahate potency in who1e ceil 

recordings h m  GluR24eficient cortical pyramidal neurons- A) to C) Representative kainate- 

evoked (100 CiM) whole cell currents and the W relationships for averaged steady-state currents 

in cultured cortical pyramidal n e m m  recorded in Iow (1 mM, open symbols) and high (20 mM, 

closed symbols) extraceIIular ca2+- Curves were fitted by a fourth order polynomiai eqdon 

fiom which interpoIated reversal potentids were calculated, E, (+/+) = +1.1 t 0 9  mV and M.6 

+ 1.1 mV; & (+/-) = -0-4 I 1.2 mV and -0.3 & 1.0 mV; LV (4-) = +4.5 + 2.5 mV and t11.8 + 
2.3 mV, for low and high ca2+, respectively. D) Representative kainate-evoked whole ceU 

currents and concentration-response relationships for peak kainate-evoked currents recorded in 

cultured cortical pyramidal neurons. Concentration-response curves at 10, 30, 100, 300, 1000, 

and 3000 pM kainate were constnicted and normalized to the maximal response in (+/+) m, 
(+/-) (O), and (4) (A) neurons. The potency of kainate (ECso) and Hi11 coefficients (nH) were 

determined by fitting the curves to the equation 1 = b,xl/(l+(EC5dWate])"), where I,, is the 

response at 3 mM kainate. ECSO(+/+) = 143.3 + 15-7 pM, nH(+/+) = 1.33 * 0-03 ( n = 19), 

ECso(+/-) = 13 1.3 1 26.7 pM, nH(+/-) = 1.30 + 0.06 (n = 1 l), and EC50G/-) = 56.5 t 7.5 pM, nH(- 

/-) = 1.16 + 0.05 (n = 15). *DHerences fiom (+/O) and (+/+) neurons, one way ANOVA (F = 

8.155, p = 0.001) with pst-hoc Bonferroni t-tests, p < 0.05- 
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FIGURE 6.2. ENHANCED caN PERMEABILW AND INCREASED KALNATE POTENCY 
IN WHOLE CELL RECORDINGS FROM GLUR2-DEFICENT CORTICAL PYRAMIDAL 
NEURONS 

1 mM Ca* 

u 
20 mM Ca* 

Kainate - Kainate Kainade 
I W f l  - 100uM - iwuM 



BaseIine [ca2+ji were simiiar in (-/-) and (+/+) neurons Ioaded with the catiometrk ca2+ 

indicator fùra-2 (figure 6.3A to C,  tgz) = 0.59, p = 0.56). However, kainate exp0SuL.e eIicited 

significandy greater elevatlons and -dent levels of [ca27i in (-/-) neurons as compared with 

(+/+) controls (figure 6.3A to C, t(22) = 3.3, p = 0.003). The kainate-evoked inctease in [ca27i 

was only detectable in(&), but not in (+I+), neurons Ioaded with the low ca2+-&ty indicator, 

fiua-2-FF 6 = 35 pM) (GoIovina, Blausteïn, 1997) (Caniedo et al., 1998) (data not shown), 

Thus, ha-2 (Ka = 250 nM) may be more sensitive to the relatively s m d  [ca2+Ji changes evoked 

in the (+/+) neurons. The rise and persistence of higher [ca2?i levels in (-/-) neurons during 

kainate exposure (figure 6.3B and C) may m e r  predispose these nemm to ca2+-mediated 

neuronal death (McDonaid et al., 1998). 

Kainate excitotoxlcity likely also depends on dendritic AMPA receptors (Bindokas, 

Milier, 1995). Therefore, kahate-evoked [ c a r i  changes in dendrites were studied by confocal 

imaging of (-/-) neurons Ioaded with the ca2+ indicator fluo-3 (figure 6.4). The [ca2qi transients 

were signifïcantly larger in both soma and dendrites of (H-) and (-/-) neurons as compared with 

(+/+) controls (figure 6.3D to F and figure 4). Thus, an increase in [ca29i was found in both 

somatic and dendritic locations of (-A) cortical neurons. 

Kaioate-evoked [ca2Yi changes not only reflect AMPA receptor-mediated ca2+ influx, 

but also ca2+ b u f f e ~ g  and efflwc, because ca2+ ions are simultaneously sequestered into 

intracellular organelies, buffered by ~ a ~ + - b i n d i n ~  proteins, and extruded through membrane 

pumps and exchangers @laustein, 1988) (Popan et al., 1994)- 

Kondo and associates (Kondo et al., 1997) examined the relationship between AMPA 

receptor subunit expression in individual neurons of the rat cortex, and the expression of 

buffering ca2+-binding proteins (CaBPs). They found that parvalbumin-positive nemm were 

largely GLuR.2 negative, whereas calbindin-D28k-positive ceiis were largely GluR2 expressing. 



significance of these differences is unclear. However, caibindin immtmoreactivity was 

unchanged in the hippocampus (figure 6.5A and B) and cortex (figure 6SC) of (-/-) mice. 

Calbindin expression by western blot analysis was also unchanged (figure 6.SD). Slmilar resuits 

were obtained with other CaBPs (parvalbumin, calmoduliii, and cairetinin, not shown), Thus, an 

upregulation of CaBP expression is unWcely to contriibute to an increased buffering of [ca2qi that 

may serve to protect neuroas h m  excitotoxic ceii death as previously suggested (PelIegrini- 

Giampietro et al., 1997)- 
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FIGURE 6.3. Increased ca2+ entry mto GluR2-defÏcient neurons demonstrateci by intraceUuiar 

ca2' Iabehg. Kainate was applied in the presence of MK-801 and airnodipine. A) and B) 

Experiments with fiira-2. Kaùiate was appiied for 10 min. A) Representative tune course of 

[ca2'-Ji averaged h m  n = 4 (+f+) neurons. B) Representative t h e  course of [ca2fli averaged 

fiom n = 5 (-19 neurons. C) Pooled baseiine and peak [ca27i measurements h m  three separate 

cultures per group. +Signincant ciifference between (+) and (-/-) neurons. D) to F) Confocal 

imaging of [ca2+Ji with fluo-3. Kainate was applied for 25 S. D) Representative time course of 

[ca2+]i averaged fkom n = 4 (H+) neurons- E) Representative timp course of [ca27i averaged 

fiom n = 4 (-/-) neurons. F) Pooled measurements of peak [ca27i m the soma and dendrites of (- 

/-) cortical neufons. Data were obtaùied fiom four separate cultures per group. Dendntic [ca2+Ji 

was measured 50 - 100 pm h m  the celi soma *Significant merence between (+/+) and both 

(+/-) and (4-) neurons. 



FIGURE 6.3. INCREASED ca2+ ENTRY INTO GLUR2-DEFICIENT NEURONS 
DEMONSTRATED BY INTRACELLULAR ca2+ LABELING 
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FIGURE 6.4- Representative confocai images of fluo-3 fluorescence h m  GluR2-deficient 

newons at baseline, and at the peak ofa lcainate-evoked [ca29i transient Scale bar, 50 p. 
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FIGURE 6.4, REPRESENTATIVE CONFOCGL IMAGES OF FLUO-3 FLUORESCENCE 
FROM GLW-DEFICENT NEURONS 

Baseline Kainate (1.00 FM) 
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FIGURE 6.5. Unchanged calb'idin IeveIs in the brains of G I W  r d  mutant mice. A) and B) 

Representative calbindin hunostaining ih the hippocampusUS A) Low mamiification. B) CA1 

region. C )  Caibindin staining in the cerebral cortex- D) Calbindin expression by westem-blot 
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FIGURE 6-5, UNCHANGED CALBINDIN LEVELS IN THE BRAINS OF GLUR2 NULL 
MUTANT MICE 



To determine the appropriate conditions for excitotoxicity stadies9 we examineci the 

effects of kainate concentration on whole cell currents. Concentration-response relatiomhips 

revealed a higher potency of kainate in evokuig currents in (4) neurons as compared to (il-) and 

(+/+) neurons (figure 6.2D). The potency of kainate (ECso) in (O/-) n e m m  was about threefold 

higher than in the (+/+) controls (EC5~-/-) = 57 f 7.5 pM vernis EC5o(+/+) = 142 t 16 pM, p c 

0.0 1, Bonferroni t-test). These values are lower thau those meanaed in acutely dissociated and 

cdtured CA1 hippocampal pyramidal neurons (Jm et al., 1999) (Ip et al., 1999), which also 

showed a W o l d  to threefold increase in ( 4 )  AMPA receptor potency for kainate. In addition, 

our results are consistent with previous reports of a higher potency for kainate in recombinant 

AMPA receptors lacking the GluR2 subunit (Nakanishi et al., 1990). The EC50 values for 

receptors containhg the GIuIUfl, subunit in combination with GluRl @Cso = 110 pM) or 

GluRl/Gl~R3~, (ECso = 100 pM.) were greater than those values for homomeric GluRl WCso = 

32 p.M) or dimeric GluR1/GluIUfl~ (ECso = 55 CIM) receptors. 

In addition, the (-Io) neurons exhibited increased amplitudes of peak currents evoked by a 

saturathg concentration of kainate (Table 6A), consistent with a greater number of AMPA 

receptor-channeIs (see Chapter 5) or an hcreased single channel conductance as demonstrated in 

recombinant GluR2deficient AMPA receptors (Swanson et al., 1997). The single channel 

conductance of cultured hippoçampal neurons h m  the (-I-) mice were not significantly different 

fiom that recorded from (+/+) neurons at a holding potential of -60 mV (see section 5.4.5). If 

this is similar in cultured cortical neurons h m  these mice, then the increased amplitude of the 

kainate-evoked current, recorded at a holding potential of -60 mV, in (-f-) neurons is possibly 

due to an increased number of AMPA receptors expressed (most likely extrasynaptically). 

Interestingly, (-f-) nemns exhibited a reduced membrane capacitance, resultiag in a 

significantly higher current density as compared with their (+/+) and (+/O) cornterparts (Table 
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1 The reduced membrane capacitance may lmpIy smaiier s o m a  or fewer dendntic 

arborkations in the (-/O) nemns, though thïs was not apparent on iîght microscopie examination 

of these cultures (figure 6.7B). Fewer dendritic arbonZati011~ were demonstrated in nemm 

fiom other strains ofGluR2 nuiI mutant or Q/R unedited mice (Feldmeyer et ai., 1999). 
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TABLE 6-1- CURRENT DENSITY MEASUREMENTS IN CULTURED CORTLCAL 
NEURONS FROM GLUR2 NULL MUTANT MICE 

Kainate density was calcuiated by normalizing the peak current evoked by 3 mM kainate to ceii 

capacitance calculated by integrating the capmitive transient evoked during each experirnent by 

applying a voltage step of40 mV fiom holding potential. 

*one way ANOVA with ps t  hoc Bonferroni t-tests for statistical difference (F = 27.4, p 

<o.ooo 1)- 



6.4.5 AMPA Recepfor Localization in GIüR2-Deficient N w o m  

The higher amplitude of whole ceii kainate-activateci curr~nts and current deasity Ui (-/-) 

neurons (Table 6.1) may result k m  a pater number of AMPA receptors on the cell soma, 

rather than at dendritic sites (Craig et al, 1993) where excitotoxicity occurs @indokas, 

1995). Western blot analyses in whoIe braia homogenates 6om (-f-) mice have a l r d y  revealed 

no alterations in the levels of GLdU and GluR4 AMPA receptor subunits, GluR6 and GluR7 

kainate receptor subunits, or M l ,  NIUA, and W B  NMDA receptor nibunits (Jia et al., 1996). 

However, this does not exclude the possïïiIIty that neurons rnight wmpensate for the lack of 

G l W  by rnodifjhg the fhction or the sub-cellular distribution of AMPA receptors mus, the 

distribution and quantity of AMPA receptors was examined in the cultured cortical neurons. 

GluRl immunostaining revealed a pmctate pattern in the soma and dendrites of nemus 

(figure 6.6A), with no differences between (-f-), (+/-) (not shown), a d  (*) ceils- Next, GluRl 

protein levels were determined by western blots, and were found to be similar between the 

groups (figure 6.6B). Then, we counted GluRl clusters dong dendrites of randomly selected 

neurons (Allison et al., 1998). This revealed no quantitative merences in the numbers of GluRl 

clusters per unit dendrite length (figure 6.6l3, one way ANOVA, F = 1-33, p = 0.27). However, 

this evaluation does not discount the possibility that (-f-) neurons may have fewer denciritic 

branches Peldmeyer et al., 1999) and, hence, fewer dendritic AMPA receptors. Regardles, (-/-) 

neurons demonstrate higher ca2+ permeabiiity, peak and steady-state [ca2'-Ji, and overail ion flux 

after AMPA receptor activation. 
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FIGURE 6-6- Unchanged AMPA receptor expression and distn'butïon in GIuR2deficient 

neurons revealed by iinagïng studles. A) Representative punctate GluR2 immunostaking in 

cultured cortical nemns fiom (-f-) mlce. B) Quantitatïon of the expression and numbers of 

GluRl clusters/dendnte length, Imunoblots reveai eqyaI GluRl levels in (4) and (+/-) cultures 

(top) and in (-A) and (+/+) (bottom). PC: positive control h m  isolated rat braïn membranes. 

Counts of GluRl clusters were obtained h m  40 randody selected dendrite segments/group 

fkom neumns in four separate cultures. Data were averaged fiom counts obtained by two 

independent obsewers. Insets: Representative dendrite segments. 



FIGURE 6-6, UNCHANGED AMPA RECEPTOR EXPRESSION AND DISTRIBUTION IN 
GLW-DEFICJENT NEURONS REVEALED BY IMAGING STUDIES 
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6-4-6 VulnerabiIi@ to AMPA Receptor Tom'city ln Vitro 

With these propertïes of (&) neurons characterized, we then studied AMPA receptor- 

mediated excitotoxicity m cultured cortical wurons h m  mice. The (-/-) neurons appeared 

morphologicaüy simiIar to (+) controls and exhibited a Iow basal propidium iodide (PI) 

fluorescence (figure 6-7B, lefùnost two panels). The cultures were exposed to kahate for 24 h in 

MK-801 (10 CrM) and nimodipine (2 CLM), antagonists of NMDA receptor and voltage-gated 

ca2+ channels, respectively (Sattler et al., 1998) (Sattler et al., 1999). Sister cultures were 

exposed to NMDA in the presence of nimodipine (2 CiM) and CNQX (10 IiM), an 

AMPMcainate antagonist, to isolate ca2+ inaux to NMDA receptors (Sattler et ai., 1998)- The 

experiments were designed to take into account the different hinate potencies in evoking ionic 

currents in (-/-), (+A), and (+/+) n e m m  (figure 6.2D). 

We first exposed the cells to equipotent kainate concentrations that evoked half-maximal 

whole cell kainate-activated c m n t s  in figure 6.2D (figure 6.7Ai). Exposure to these 

kainate concentrations resdted in IO to 20% ceil death, and failed to reveal any effect of GluR2 

level on excitotoxic vuinerability (one-way ANOVA, F = 0.10, p = 0.90). Next we used 100 @M 

kainate, an intemediate agonist concentration that evoked larger kainate-activated current in (4) 

than (W-) neurons (figure 6.2D)- Accordingiy, this triggered more toxicity in neurons lacking 

GluR2 than in wildtype controls (figwe 6.7Aii, one-way ANOVA, F = 4.26, p = 0.02). Near- 

saturating concentrations of 1 m M  kainate (figure 6.2D) caused neuronal sweliing and a rise in 

PI fluorescence that peaked at 24 h (figure 6.7I3, right most two panels). However, despite the 

greater amplitude currents evoked by 1 mM kainate in the (4) neurons (Table l), these neurons 

were no more vulnerable to excitotoxicity at this kainate concentration than the (+A) or (+/+) 

controls at 6 h, 12 h (not shown), and 24 h (figure 6.7Aiii, one way ANOVA, F = 0.1 1, p = 0.91). 

This suggests that the amplitude of ion flues, CC permeability, and caZf accumulation through 

(-/-) cortical neumns does not influence their survivabiüty after the kainate-induced insult. 
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To determine whether the apparent independence of  AMPA receptor-mediated toxi'city 

on ca2* permeabiliw was due to fùnctional changes in ca2+ homeostasis (bufferZng or extrusion) 

in the (-/-) neutons, despite no obvious changes in the expression of CaBPs, we exposed the 

cultures to a unifody toxic concentration of NMDA (100 @f) for 60 min (Sattler et al,, 1998). 

Since NMDA-induced excitotoxicity is largely caZf-dependent, compensatory ca2+ bufferhg or 

extrusion by (4) neurons should be reflected in decreased NMDA toxicïty. However, (-/-), (+/O 

), and (+/+) neumns were equally vulnerable to NMDA toxicity (figure 6-7C, one way ANOVA, 

F =0.54, p = 0.37), providing no indication of improved ca2+ handling in the (-/-) neutons. 
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FIGURE 6-7. Independence o f  kahate toxicity on GluR.2 subunit Ievel o f  expression vitro. 

A) Kainate toxicity experkents uslng concentrations selected as shown (lefùnost panel i-if0 

according to the relationshlps determined in figure 2Di. i )  Experiments at equipotent kainate 

concentrations @Cso) corrected for the raw cuuent values (I-) fiom Table 1 using the equatïon 

@ainate] = ECso x 1 mac+,+l f 1-. This fields the values of (+) 142 phh, (+A) 1 13 pM, and (-f-) 

36 W. ii) Experiments using 100 ph4 kainate for aU groups. ifi) Experiments using 1 mM 

kainate for ail groups. B) Appemmce of (4) and (+/+) cultures at baseline (O h) and at the end 

(24 h) ofa challenge with 1 mM kainate using phase contrast (top) and PI fluorescence (bottom). 

C) Toxicity o f  NMDA (100 pM for 60 min) at 24 h. The fiactions of dead neurons at 24 h in A 

and C were obtained by averaging measurements fiom four cultures per mutant mouse, The 

digits on each bar indicate the number o f  mice pet group. *IndiCates statistical difference from 

(+/+) neurom. 
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FIGURE 6-7- INDEPENDENCE OF KAINATE TOXICITY ON GLUR.2 SUB- LEVEL 
OF EXPRESSION 12V MTRO 

ii iii 
Kainate Kainate 
at EC 50 0.8 1 OOpM 

- - - -  
GluR2 level GIuR2 ievel 
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GluR2 level 

2 4 h ~ l u ~ 2 ~ ' )  24hGluR2 (+f+) 
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r r  T 



The (4-) mice exhibit behavioral abnonnalities (Jia et al., 1996), and mice with Q/R site 

edithg mutationsy andlor expressing GluRî subunits at different levels, develop wurdogicd 

deficits, seinnes, or increased rnortaiity (Brusa et ai., 1995) (Feldmeyer et al., 1999). It is 

currently unknown whether such neurological phenotypes are related to excitotoxïcity initiated 

through the activation of AMPA receptors with altered ca2+ pemeability, or whether other 

factors are involved. Therefore, we studied the effects of -te-trïggered excitotoxicity in the 

(4) mice In ViVO, as kainate admrniadmrnistration to rodents causes selzures and excitotoxk 

neurodegeneration in selected hippocampai newons mader et ai., 1978) (Ben-An', 1985). 

We fint studied newons in the hippocampal CA1 region. These neurons have weil- 

characterized AMPA receptor ca2+ permeabiliîy (Jia et al., 1996), are susceptible to injury by 

cerebrai ischemîa (Peiiegrini-Giarnpietro et al., 1992), and are less vulnerable than CA3 neuroas 

to kainate-evoked damage cawd  by second- activation of hippocampal mossy fiber 

projections (Okazaki, Nadler, 1988)- Kainate i.h- injections (0-75, 2, or 5 nM) were made 

directly into the CA1 region (figure 6-8A, C to F), and the survival of CA1 neurons was 

examined at 48 h. Kainate produced CA1 pyramidal cell death in a dose-dependent manner 

(figure 6.8A), ranging fiom 20 to 26% celi death with 0-75 n M  to 95% ceU death at 5 nM. 

However, there were no observable differences in the kainate-induced toxicity of CA1 neurons 

fkom (-/-), (+/-), and (+/+) mice (figure 6.8& E, and F). 

Next, kainate i.p. injections were used to elicit neurod damage in the hippocampal CA3 

region @en-&, 1985) (Strain, Tasker, 1991). One group of animais also received MK-801 (5 

mgkg) at the time of kainate injection, and again at 8 h, to minimbe the potentid of neurotoxic 

sequelae h m  indirect NMDA receptor activity (Okazaki, Nadler, 1988) (figure 6.8B). Seizures, 

consisting of behaviot characterized by motion arrestingy staring, and myoclonk jerkkg, 

occurred in aii mice injected with kainate alone with a latency of 15 - 18 min. The resultant 
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mortaliîy of CA3 nemns was dose-dependent (figure 6-8B), ranghg h m  15 - 35% at 48 h in 

mice given 15 mg/kg kainate to 20 - 45% at 48 h and >90% at 7 days in mice given 25 mgkg 

kainate- However, as in the i h  injection experiments on CA1 neurons (above), kainate-induced 

toxicity to CA3 neurons was simiIar in (A) and(*) mice (figure 6.8B7 G, H). 

Our data in vitro and in vivo argue against a role of ca2' permeability in govenzlng 

AMPA receptor-mediated toxicity- This appears contrary to the G U  hypothesis (PellegruU- 

Giampietro et al., 1997) and suggests that the route of ca2+ entry, rather than ca2+ entry itself, is 
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FIGURE 6.8. Lack of increased kainate toxicity in Glulu-deficient neurons in vivo. 

Experiments were performed in 7 - 9 week old mice- A) Effects of intraîhecal kahate ïnjectio~~~ 

B) Effects of i.p. injections. Neurons in A, B were counted 48 h after injection except where 

marked. [n] = Number of mice per group- C) Schematic of region of anaiysis and site of kainate 

deposition for i.h, and i.p, studies. BIack circle: site of ih, kahate deposition- Black bar: 

hippocampal segment used in analyses. D) Position of microcapillary within the hippocampus 

for deposition of kahate. Section stained for calretniin. Dotted line: position of pyramidal and 

granule ce11 layers- E) and F) Examples of CA1 pyramidaI ceii Ioss En animal receiving an ih, 

dose of 0.75 nM kainate at 48 days post-injection (distance h m  deposition site 325 p). E) 

(+/+) and F) (4) mice. G) and H) Examples of CA3 pyramidal ce11 loss in animals receiving an 

i.p. kainate injection. G) (+/+) and EI) (4) mice. Scak bars: E) F) 100 pn, G) H) 200 p. 
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FIGURE 6.8. LACK OF INCREASED KAINATE TOXICITY IN GLUR2-DEFICIENT 
NEURONS 12V m0 
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6.5 DISCUSSION 

The GluR2 nuli mutant mice provided a unique opporiunity to examine the impact of 

ca2+ influx through GIuR2-deficient AMPA receptors on excitotoxicity in Mtro and in vnto- 

Aithough (-/-) neurons exhibiteci higher ca2+ pemeabüity, kahate potency, and cucrent density, 

their VuLnerabiiïty to kaïnate toxicity was no Werent than the (+/+) neurons. Therefore, a 

reduced GluR2 subunit expression in AMPA receptors does not enhance the wlnerabiüty of 

neurons to excitotoxic cell death, suggesting that the mechanisms that initiate AMPA receptor- 

mediated excitotoxicity is fündamentally different k m  that produced by NMDA receptoq 

which is ~ a ~ ~ d e p e n d e n t .  Our results dernomirate that the toxicity redting fkom the application 

of kainate was mediated by ~ a +  influx through the AMPA receptors. These apparent 

contradictions to the GluR2 hypothesis were not explained by detectabIe alterations in AMPA 

receptor distn'bution, expression, hction,  or by differences in intraceMar ca2+ buBering. 

Our data do not exclude the possibility that, once AMPA receptors are activated, ca2+ 

entry through secondary pathways could c o n t n i e  to overall toxicity. For example, it is 

conceivable that the increase in ~ a +  load incmed by (4) as compared to (+f+) neurons could 

activate secondary means of toxic ca2+ entry such as through the reversed h c t i o n  of the 

~ a f i c a ~ +  exchanger (Kiedrowski et ai., 1994) (Itoh et al, 1998) or other uncharacterized means 

ca2+ entry. However, our data indicate that the initiation phase of AMPA receptor-rnediated 

excitotoxicity may not require these receptors to be ~a~~-permeable. 

Our data may explain why previous studies using primary cultures that contained both 

GluR2sxpressing (cobalt-negative) and Glu.R.2deficient (cobalt-positive) wurom, identifïed 

cobalt-positive neurons as exhibithg an increased vuherability to kainate toxicity (Brorson et 

al., 1994) (Twetsky et al., 1994) (Lu et al., 1996). Because the potency of kainate was threefold 

higher in (40) as compared to (+/+) neurons, insults with intermediate concentraiions of kainate 

may selectively damage GluRî-deficient neurons The same prhciple may apply to studies in 



which global cerebrai ischemia or GluR2 mRNA antisense cause the selective dowlvegulation in 

G l W  expression in CA1 neurons @eIIegrini-Gïampietro et al., 1992)- Such GluR2-deficient 

neurons may exhr'bit heightened excitotoic vuherability due to the increased potency of their 

AMPA receptors to excitotoxins, but not n e c e s d y  due to the increased ca2+ permeability of 

these receptors, 

In addition to heightened kainate potency, GluR2 subunit deficiency may rn- other 

relevant, ca2+-independent, processes. For example, GluR2 subunii bind with high specincity 

to diverse sub-membrane protek- These indude the glutamate receptor interacting protein 

(GRIP) and N-ethylmaieimide-sensitive factor (NSF), a protein involveci in membrane k i o n  

events (Song et al., 1998) (Osten et al., 1998), which participate in the synaptic l o c ~ t i o n  and 

clustering of AMPA receptors (Dong et al., 1997)- GluR2 subunit deficiency may, therefore, 

inte&ere with the moIecuIar organization, function, and plasticity of glutamatergic synapses. 

Consistent with this, recently geneticaiiy engineered mice with altered GLuR2 subunit aIieIes, 

produchg ca2+-permeable AMPA receptors (Feldmeyer et al ,  1999), have CA3 pyramidal 

newons that exhibit reduced dendritic length and arborization despite an unchanged quatltity of 

hippocampal and cortical neurons. These changes correlate with developmentai delays, 

neurological dysfhction, and early mortaiity in the mice (Feldmeyer et al., 1999). GluE22- 

deficient neurons may, therefore, have adverse effects on synaptic organhtion, but not 

necessarily as a consequence of aitered caZf pemieability. 

We have previously reported that the extent of ca2+ influx into newons does not 

n e c e s d y  predict excitotoxic vulnerabiliity. In cultured spinal (Tymianski et al., 1993) and 

cortical (Sattler et al., 1998) neurons, a chief determinant of ca2+-triggered excitotoxicity is the 

route, not the quantity, of ca2+ idlux. ca2+ influx through NMDA receptors is lethal; whereas, 

equivalent ca2+ entry through voltage-gated ca2+ channels, is innocuous (Tymiamki et al., 1993) 

(Sattler et al., 1998). The mechankm that governs the toxicity of NMDA receptor-mediated 
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ca2+ entry is the coupkg of NMDA receptors to neurotoxic intraceilular second messengers by 

sub-membrane d o l d i n g  proteins such as postsynaptic density-95 protein (Satder et al., 1999). 

It is possible that the proteins, which interact specificdy wîth AMPA receptors (Dong et al., 

1997), also couple AMPA receptor-mediated ionic flwes to neurotoxic second messengers. 

However, our red t s  suggest that fiindamental Werences exist between AMPA and NMDA 

receptor-mediated excitotoxic signalïng, as the initiation of AMPA receptor-mediafed toxic 

cascades may not require permeabiiïty to ca2+. 

The comparatively srnaller fluxes of caZC through GlW-deficient AMPA receptors as 

compared to NMDA receptors (Bmashev et al., 1995) rnay result in a iower [ca2'-Ji with 

concurrent reductions in excîtotoxic damage (Hyrc et al., 1997). Despite suggestions that AMPA 

receptor-mediated [ca29i may fd within a range that also inhibits apoptosis Woike, Tanaka, 

1991), the protection of neurons fiom apoptotic injury was not directly studied However, an 

overall protective effect was not demonstrateci by the expression of GluR.2-deficient AMPA 

receptors in these excitotoxicity experiments during the time firame studied. 

The independence of AMPA receptor-mediated excitotoxkity on ca2+ permeability may 

have broder implications, as excitotoxicity Likely reflects a dysfunction of processes that also 

govem physiological neuronal hctioning. AMPA receptors mediate rapid synaptic 

transmission and play a key role in long-term potentiation, iearning, memory, and behavior. 

Many recent efforts to understand the mechanisms by which AMPA receptors modulate these 

processes have focused on their ca2+ permeability characteristics (Brorson et al, 1994) (Turetsky 

et al., 1994) (Brusa et al., 1995) (Lu et al., 1996) (Jia et al., 1996) (Feldmeyer et al., 1999). 

AMPA receptor subunit composition, particularly the inclusion of the GluR2 subunit, clearly has 

important bctional consequences. However, our finduigs raïse the possibility that AMPA 

receptor-mediated excitotoxicity depends on features independent of GluR.2 expression and ca2+ 

permeabiliîy. 
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7. CONCLUSIONS 

The studies undertaken in thÏs thesis demonstrate that the GIuR2 subunit of the AMPA 

receptor is important in the pharrnacological and physiologicd processes studied. The reduced 

expression of the GIuR2 subunits enhanced anesthetic nedepression to barbiturates and 

volatile anesthetic, whilst decreasing AMPA receptor-mediated excitatory nem-ssion. 

This suggests that the GluR2 subunit is important in maintaining normal anesthetic sensitivity 

and excitatory signaling. However, despite previous reports suggestlng that the GhR2 subunit is 

downregulated after ischemia and causes an increase in delayed neurod death (Pellegrini- 

Giampietro et al., 1997), we have shown that the lack of GIuR2 expression alone is not dEcient 

to cause enhanced excitotoxic injury, Therefore, the major influence of the reduction in GluR2 

subunit expression, occurring under these cïrcumstances, is on excîtatory synaptic 

neurotransmission and anesthetic neurodepression, 

Previous studies suggest that different molecular substrates may underlie obtundation and 

immobility to anesthetics- B3 n d  mutant mice were found to be less sensitive to the obtunding 

effects of midazolam and etomidate but not of the volatile anesthetics; however, they were less 

sensitive to the immobilizing effects of enflurane and halothane (Quinlan et al., 1998). Although 

the pathways underlying anesthetic-induced hypnosis, imrnobility, and antinociception are not 

well-defhed, there is evidence that immobility and antinociception are mediated by effects of 

dmgs on the ventral (King, Rampil, 1994) (Rampil, King, 1996) (Antognini et al., 1997) 

(.4ntognini, Carstens, 1998) and dorsal spinal cord (Antognïni, Carstens, 1998), respectively; 

whereas, hypnosis likely involves forebrain structures (Antopnini, Carstens, 1998). 

Correlative studies examining the sensitivity of several behavioral endpoints under 

barbiturate or volatile anesthesia in mice that expressed or did not express the G 1 W  subunit 

revealed cogent results. 

GIW-containing AMPA 

Aithough the forebrah and dorsal hom neurons normaliy express 

receptors, ventral spinal motor newons have GluR2-deficient AMPA 
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receptors (Petralia et ai., 1997a) (Bar-Peled et al., 1999)- Predictably, the GIuR2 nuil mutant 

mice were more sensitive to volatile anesthetic-induced hypnosis and antinockeption, but not to 

immobility- We concluded h m  these studies that the endpoints which are mediatecl by GluR2- 

dependent pathways, such as hypnosis and antinociception, are afEected by the GluR2 n d  

mutation, whereas, that which is GluR2-independent, namely, immobility, is unchanged in the 

mutant mice compared with controls. These novel observations provide the f k t  suggestions that 

the differential behavioral sensitivities to the obtunding and immobilizhg effects of anesthetics 

correlate welI with anatomic dÏstn'buti011~ of the molecular substrates of interest, nameiy AMPA 

receptors and the GluR2 subunit, 

The anesthetic studies outlined in this thesis show the importance of mea-g several 

endpoints af anesthesia, especially hypnosis, immobility, and analgesia- In addition to these 

parameters are amnesia and loss of consciousness, which are more difficult to assess in animal 

subjects- Although amnesia may be studied through learning and memory paradigms, these may 

be difEcult. The administration of anesthetics to the animals during the training session may 

affect physical responses that confound learning. These difliculties coexkt with probiems in 

linking behaviors to molecular or cellular substrates that may underlie these in vivo endpoints. 

However, comAative behaviotal studies are very important in the preliminary assessrnent of the 

effects of genetic manipulations, such as the ndi mutation of the GluR2 gene, on the 

neurodepressive effects of barbiturates and volatiie anesthetics, The use of several in vivu 

endpoints may strengthen the observations that the genetic change has an eEsct on behaviors 

dependent on the protein aitered- 

The GiuR2 nuil mutant mke were more sensitive than wiidtype mice to the hypnotic 

effects of pentobarbital, despite a lower sensitivity of their AMPA receptor to barbiturate 

inhibition. These results suggested that AMPA receptor blockade was like1y not contributhg to 

the nemdepressive efXects of these anesthetics. This was confirmed by the subsequent study in 
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which the GIuRî nuiI mutant mice again demonstrated an enhanced sensitivity to the hypnotic 

effects of volatile anesthetics, which do not appreciably iuhi'bit AMPA receptors, We -sed 

that these enhanced respomes of the GIuRî nuil mutant mice to batbiturate and volatile 

anesthesia are consistent with a reduced excitatory neurotransmission- 

It was previoudy detennined that CA1 pyramidal neurons h m  the hïppocampal siïce of 

GluR2 null mutant mice displayed a decreased amplitude of the AMPA eEPSCs (Jia et al., 

1996), consistent with a reduction in fast excitatory n e u r ~ ~ s s i o n ,  These changes were 

thought to be due to postsynaptic factors because electrophysioIogica1 changes in presynaptic 

function were aot demonstrated (Jia et al., 1996). In our experiments, whole ceU recordings 

fiom GluIU-deficient neurom in hippocampal cultures rpveaieci normal amplitude, decay, aad 

fiequency of spontaneous mEPSCs. This suggests that the GluR2 n d  mutant mice may have 

fewer AMPA receptor-contalliing synapses, but that spontaneously active synapses may contain 

normal quantities of AMPA receptors. 

Consistent with these observations, ment studies have shown that the GluR2ct interacts 

with several PDZ-domain-containing proteins (Wyszynski et al., 1999) (O'Brien et al., 1998) 

(Wyszynski et ai., 1998) (Song et al., 1998) and the NSF protein (Song et al., 1998) (Nishimune 

et al., 1998) (Osten et al., 1998), which are important in the clustering and synaptic locaüzation 

of AMPA receptors. These interactions may aiso play a role in the recycling of AMPA receptors 

(Hayashi et ai., 1999), where overexpression of the GLuR2ct has been shown to lead to increased 

recycling of AMPA receptors. This latter fùnction of the GluR2ct provides an explanation for 

the increased kainate-evoked current density recorded fiom cuitured hippocampal neurons fiom 

the GluR2 nuil mutant mice. This may result fiom the hadequate endocytic tramport of AMPA 

receptors fiom the neuronal surface andor an inability of these mechanisms to localize AMPA 

receptors to synapses. 
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Even with an increased number of d a c e  M A  receptors and increased 

pemeability of these receptors, kaïnate-evoked excitotoxicity in cortical nemns h m  the GLuR2 

nuIi mutant mice was not enhanced compared to neurons fiom heterozygous or ddtype mCcee 

This suggests that the proposed ca2+ setpoint was not achieved for media- enhanced 

excitotoxicity (Lee et ai., I999), and that caZf influx through GIuR2-deficient AMPA receptors 

aione cannot fditate neuronal death as suggested by the G1uR.2 hypothesis proposed by the 

Zukin laboratory (Peilegrini-Giampietro et al., 1997). 

No enhanced cell death was obsprved in our studies, despite the datively hcreased ca2+ 

entry into neurons expressing GluR2-deficient AMPA receptors. Hence, pathophysiological 

processes, in which the concurrent downreguiation of the GluR2 subunit occins, may not involve 

~ a ~ ~ - ~ r m e a b l e  AMPA receptors as a mode of neuronal injury. These results are contrary to 

those of studies originating fkom the Zukin laboratory pellegrini-Giampietro et al., 1992) 

(PeUegrini-Giampietro et al., I994a) (Gorter et al., 1997) (Pellegrini-Giampietm et al., 1997), 

which use guinea pig or rat cerebral vesse1 ligation modeIs to examine the consequences of 

repemision injury &er global or focal ischemia. These studies showed that a downr~gulation of 

GluR2 subunit expression correlated with an enhanced delayed cell death after 1-2 &YS. In a 

recent study, they showed that the reduced expression of GluR2 caused by antisense 

oligonucleotides increased cellular death after kainate excitotoxicity (Oguro et al., 1999). 

However, the control and antiseme groups were treated with the same concentrations of kainate 

without an investigation for possible differences in kainate potency for the activation of GluR2- 

containing and GluR2-deficient AMPA receptors. A difference in kainate potency was shown 

for the activation of AMPA receptors in neurons from wildtype and GluR2 nuli mutant mice (see 

sections 14.2. 3.4.3, and 6.4.4). These differences were also reflected in the potency of kainate 

for causing excitotoxic ceii death (see section 64.6). 



223 
In conclusion, this thesis addresses the Importance of the AMPA receptor GluR2 subimit 

in excitotoxicity, fast excitatory neurotransmlssion, and anesthetic sensitivity- Our d t s  

contend that this subunit maintains normal excitatory signaling and nernodepressive dmg 

sensiîivity, but does not enhance excitotoxic celi death. Therefore, the downregulation of the 

GIuR2 subunit after brain ischemia affects normal physiologicai pmcess, such as excitatory 

signali~g~ and renders the animal more susceptible to alterations in fimction, rnanifestiag as 

minor behavioral aberrancies and an increased susceptibiüty to neurodepressive phannaCologid 

agents- 

Limitations of the GIuRt Nul1 Mutmt Mode2 

The use of genetic "knockouts" to study phenotypic behavior was pioneered in 1992 

(Silva et al., 1992b) (Silva et al., 1992a) (Grant et ai., 1992). These studies inve-*gwdted the 

importauce of serine-threonine and tyrosine kinases in synaptic plastiiity and studied the impact 

of these mechanisms on leamhg and memory paradigrns. Subsequently, an abundance of 

genetic nulf mutant and transgenic mice have been developed (Takahashi et al., 1994) (Muller, 

1999) including GluR2 null mutant mice (Jia et al., 1996). However, with their development, the 

limitations of these geneticdy engineered models are uncreasingly king recognized. 

The iduences of background genes are an important confounder of phenotypic behavior 

(Anonymousl997). Embryonic stem (ES) celi lines are usually derived fiom substrain 129 mice, 

and blastocysts from a more robust line such as  the C57BL/6 or CD1 (as with the GluR2 nul1 

mutants described by Jia and associates). These genetic backgrounds are important in the 

interpretation of behaviors (Crawley, 1996) (Crawley et al., 1997), such as motor coordination, 

aggression, and learning and memory, and may vary between the mutants and ddtypes. In 

addition, the 129 substrains are polymorphic at numerous loci and may contrr'bute M e r  

variation in the hybrid phenotypes. A backcross to an inbred strain (C57BL/6 or CDl) over 10 

generations will create a congenic h e  that is statisticaüy 99.9% fkom the inbred strain 
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(Anonymousl997) and wiU increase the probability that bebavioral changes in the mutants are 

due to the ndl mutation rather than to diffêrences in backpund genes. 

However, up to 1% or 1000 genes of the 129 genome may associate with the construct 

even after several backmsses (Lathe, 1996). These flanking genes may impose phenotypic 

behaviors on the GIuR2 null mutant mice not seen in the wiidtypes. The development of d 

mutant mice using ES cells and blastocysts £rom the same strain wouid alleviate this partïcular 

problem. As yet, these types of mutants have not k e n  descriid- 

Compensatory changes to offset the effects of a nuü mutation may occur durhg 

development (Crawley, 1996) and result in a normal phenotype or other incongruent behaviors. 

Although no detectable changes in the expression of 0 t h  glutamate receptor subunits (Jia et al., 

19%) and ca2+ buBering enzymes (see section 6 43) were demonstrated, other yet unidentined 

compensatory changes may account for the resistance of chronically GluR24eficient AMPA 

receptor expressing cells to excitotoxicity (see chapter 6). The possibility of compensations for 

the GLuR2 null mutation arises fiom several lines of evidence supporting the notion that an acute 

downregulation of the G l W  subunit enhances AMPA receptor mediated neurotoxicity (Brorson 

et al., 1994) (Pellegrini-Giampietro et al., 1997) (Oguro et al., 1999). 

To avoid compensatory changes, timed mutations have been developed. One of the 

techniques employed is the Crellox expression system for the generation of inducible ndî mutant 

or transgenic mice (reviewed in (Sauer, 1998) (Muller, 1999))- This involves the regdation of 

gene or constnict expression by the expression of Cre (CAMP respome element) recombinase, 

which can be activated in specific tissues andfor d e r  the development of the mouse has 

occurred. 

Technological advances in the development of null mutant mice are progressing rapidly 

and studies using nrst generation techniques (as those in this thesis) will be superceded. 
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Therefore, concIusÏons cira- in the past wil[ be either confimeci or contradicteci by the 

characterization of a new and improved generation of geneticaüy engïneered mice. 



A wealth of literature, eshg h m  the recently discovered interactions of Ligand-gated 

receptors with intracellular proteins, has impiicated aese protein-protein associations in the 

clustering and Iocalization of receptors at synapses. These include yotiao (Lin et al., 1998) and 

PSD-95 (O'Brien et al, 1998) for NMDA receptors (to name onIy a few), gephyrin for glycine 

(Kirsch et al., 1995) and GABAA receptors (Sassoe-Pognetto et al., 1995), and NSF (Nishimune 

et al., 1998) (Osten et ai., 1998) (Song et al., 1998), GEW (Dong e t  ai., 1997), ABP (Srivastava 

et al., 1998), and PICKl (Xi-a et al., 1999) (Dev et al., 1999) for AMPA receptors. In Chapter 5, 

we explored the fiinctiod consequences resulting fi0111 the reduced expression of the GluR2 

subunit, which interacts with numerous proteins important in the synaptic clustering or 

localization of AMPA receptors. Our results are consistent with a greater exbrasynaptic or 

somatic expression of AMPA receptors, and an increased proportion of ccsilent'' synapses that do 

not contain AMPA receptors. However, electrophysiologkai studies do not directly show these 

structural changes. In ow immunofluorescence irnaging of GluR1-labeled cultured cortical 

neurons fiom GluR2 nuii mutant and wildtype mice, there is a higher density of AMPA receptors 

on the soma of GIuR2-deficient neurons but an unchanged distribution in the dendritic regions 

(figure 6.6). Therefore, to demonstrate the changes in AMPA receptor distriiution related to 

GluR2 subunit expression, confocal imaging of imrnunofluoresceace-labeled GluRl and NRI 

subunits will be undertaken in cultured hippocarnpal neurons. The purpose of labeling NMDA 

receptor NRL is to demonstrate excitatory synapses, which may or may not also contain AMPA 

receptors. However, electron microscopy of immunogold-labeled GluRl and NR1 rnight 

provide better resolution images by which the proportions of "silent" synapses can be identified 

(Petdia et al., 1999b) (Liao et al., 1999) and compared in cultured hippocampai neunins fiom 

GIuR2 nul1 mutant and wildtype mice. ui addition, a quantification of dendritic arborization may 
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be acquired, pati~ularly by confiocal imaging, to conriborate o u .  measures of decreased ceII 

capacitance in the GluR2 nuU mutant neurons (table 5-1). 

The reduced expression of AMPA receptors at excitatory synapses suggested by our 

electrophysiological studies (Chapter 5) may aiso affect excitotoxic neuronal. death in GIuR2 nuiI 

mutant hippocampai culturesS In Chapter 6, we tested AMPA receptor-mediated neurotoxicity 

by bath applications of kainate, which presumably activates both extrasynaptic and synaptic 

AMPA receptors. From these studies, we concluded that neuronal death was independent of 

G I N  expression and caZC influx. However, wïth fewer synaptic AMPA receptors, GIuR2- 

deficient neurons may be protected £tom neurotoxicity imposed by a oxygen glucose deprivation 

protocol, in which injury is incurred through the endogenous release of glutamate fiom synaptic 

sites (Sattler et al., 2000). Sattler and associates (Sattler et al., 2000) showed that, with the 

reduction in NMDA receptor synaptic 1orali;ration by depolymerizing F-actin, there was a 

reduced NMDA receptor-mediated ce11 death by oxygen glucose deprivation. Similarly, a 

reduction in AMPA receptor-mediated cell death after prolonged oxygen glucose deprivation 

may result £iom the decreased AMPA receptor expression in GluR2-deficïent hippocarnpal 

cultures. 

The studies outiined in this thesis aiso correlate a reduced function of AMPA receptors in 

mediating excitatory neurotransmission with an enhanced sensitivity of the animal to anesthetic- 

induced neurodepression. Despite the challenges of relating an absence of GluR2 subunit with a 

hctional or behavioral consequence, we have identined GLuR2dependent molecular changes in 

excitatory neuronal signahg that may have impact on anesthetic sensitivity; specifïcaily, 

alterations in excitatory neurotransrnission negatively correlate with anesthetic neurodepression. 

Therefore, to M e r  test these observations, we propose that the= may be a positive correlation 

between changes in inhibitory neurotransmission and anesthetic sensitivity- 
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Recently, GABAA receptor a6 (Homanics et al., 1997), 83 (ETomanlmanlcs et ai., 1997) 

(Quinlan et ai., 1998), y2L (Eiomanics et aL, 1999), and 6 subunit n d  mutant mice m e k  et 

al., 1999) have been descrihi- The 83 nul1 mutant mice have attenuated responses to the 

obtunding effects of midazolam and etornidate, and the immobilizhg effects of enfïurane and 

halothane (Quinian et ai., 1998)- Therefore, electn,physïological studies can be used to examine 

eIPSCs in spinal slice fiom p3-null mutant mice. These eIPSCs may show a reduction in peak, 

decay, or fkquency consistent with our hypothesis. The y2L null mutant mice have unchanged 

sensiitivity to ethanol, however, their sensitivity to other anesthetics is not hown (Komanics et 

al., 1999). Hence, M e r  study of sensitivities to various anesthetics and correlative 

electrophysiological studies in these mice may prove interesting. Lastly, consistent with our 

hypothesis, the 6 null mutants have attenuated responses to neurosteroids, which coda t e  with 

faster decaying mIPSCs recorded fkom their hippocampd slices. 

The colocalization of glycine and GABAA receptors with gephyrin at postsynaptic sites 

(Kuhse et ai., 1995) (Todd et al., 1996b) (Sassoe-Pognetto et al., 1995) s u ~ e s t  an interactive 

role of gephyrin in the localization and clusterhg of these receptors at synapses. The B subunit 

of glycine, particularly the 18 residue segment between the 3" and 4m TM domains, has been 

shown to interact with gephyrh and cause postsynaptic l o c ~ t i o n  (Meyer et al., 1995). 

Recently, the y2 subunit of GA- receptors and gephyrin have k e n  shown to independently 

influence the clustering of GABA* receptors (Essrich et al., 1998). Therefore, this provides an 

additional reason to study the anesthetic sensitivity and inhibitory synaptic responses in y2L null 

mutant mice as previously proposed, since these are likely to be altered. 

These mutants can be used in M e r  investigation of molecular substrates which may 

influence anesthetic sensitivities through the correlation of 1) behaviord studies of various 

endpoints induced by intravenous and inhaied generai anesthetics, 2) eIPSC peak amplitudes, 
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decays, and kquencies, and 3) edmncement of eIPSCs and inhibition of eEPSCs recorded 

durhg the application of anesthetics. The ratiometric cornparisons of these responses can be 

used to support the notion that an imbalance of excitatory and inhiiitory neurotraosmission is 

required for anesthesia In addition, a threshold ratio of respoases may be determineci by 

cornparhg effective concentrations required for the behavioral effects- 

Furthemore, mdtiple endpoint measutes for anesthetic sensitivity is requUed in the 

studies of subunit null mutant animais, The sensitivity of a particdar endpoint rnay correlate 

with the positive imrnunolabeling of the subwiit in normai neurons, which are involved in 

pathways underlying the behavior studied In particuiar, the subunit complements of neurons in 

the dorsal and ventral spinal cord rnay be used to compare animal responses anesthetic-mediated 

analgesia and immobility. These studies rnay also be used to map neural pathways important in 

mediating the endpoint measures of anesthesia 

There may be some concem that developmental compensations in these nuil mutant mice 

rnay confound the results of behaviorai, as weU as, in vitro experiments. In addition, expression 

of background genes fiom parental strains rnay also afFect behavioral measures. However, 

misinterpretations based on background effects can be circumvented by using parental 6 s  as 

behavioral controls- Moreover, improvements in genetic technology will aüow the generation of 

inducible subunit "knockouts" (Sauer, 1998), which will deviate the concerns of associated 

developmental compensatory changes. Similarly, antisense oligonucleotides directed at mRNA 

encoding a particular subunit emssaard, 1997) may, theotetically, downregulate the expression 

of that subunit when applied in viiw or in viîro and circumvent long-term compensatory changes. 

These future directions are designed to investigate the impact of G l W  expression on 

receptor distribution, which rnay affect excitatory neurottansmission and excitotoxicity. 

Moreover, the correlation between a change in excitatory neurotransmission with sensitivity to 

neurodepressive agents compels tùrher investigation into the abiüty of in vitro 
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