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Abstract

Flash photolysis and whole cell patch clamp technique w ere combined 
with m icrospectrofluorim etry of calcium to s tu d y  th e  role of inositol 
trisp h o sp h a te  as a second m essenger, and th e  role of L-glutam ate as  a 
neu ro transm itter.

Inactive photolabile analogous of inositol trisp h o sp h a te , caged InsPg, 
and fluo rescen t calcium indicators, Fluo-3 or F u rap tra , was in troduced  into 
single cells via th e  whole-cell patch pipette. A strocytes and neurones from 
prim ary cu ltu re s  of cerebellar g ranule cells, hippocampal pyram idal cells, 
s tr ia ta l neurones, and dorsal root ganglion neurones, and P u rk in je  cells from 
acu tely  p repared  th in  slices of the  cerebellum were voltage clamped (holding 
potential -70mV). A 1ms pulse of near UV (300-350nm, lOOmJ) was used to  
photolytically release a known concentration of InsPg in th e  cytosol, and the  
changes in th e  in tracellu lar free  calcium concentration, [Ca^*]^, and 
conductance monitored. The re su lts  may be summarised as follows: (1) 
Photolytic release  of InsPg (100nM-30pM) in cu ltu red  neurones did not a lte r  
(Ca^*]j or th e  membrane conductance. In  glial cells from th e  same 
p repara tions, however, a r ise  in [Ca^*]j was observed  following in tracellu lar 
re lease of InsPg (0.2-5pM). The concentrations of InsPg req u ired  to mobilise 
calcium in a s tro cy tes  is similar to th a t found in periphera l tissue . (2) 
Photolytic release of InsPg (9-76pM) in voltage clamped P u rk in je  neurones 
in acu tely  p repared  th ick  slices of th e  cerebellum resu lted  in a large  
increase  in [Ca ]., often reaching 30pM when calibrated  with F u rap tra , and 
a t th e  same time an outw ard c u rre n t (200-900pA) in th e  p resence or absence 
of ex ternal calcium. The outw ard c u rre n t was the re su lt of an increase of 
th e  membrane conductance to potassium ions, and u n d er c u r re n t clamp 
conditions hyper polarised th e  cell to approximately -85mV. The responses 
occurred  with a latency th a t decreased from a few hundred  ms a t low (9pM) 
to <15ms a t high (76pM) InsP^ concentration. The time to peak also decreased  
from 900ms to <20ms over th is  concentration range, indicating increased  
calcium efflux from sto res  a t high InsPg concentration. The concentrations 
of InsPg requ ired  to mobilise calcium in P u rk in je  neurones is h igher than  
th a t req u ired  in a s tro cy tes  and peripheral tissue . The kinetics of calcium 
re lease  is also fa s te r  than  th a t in a s tro cy tes  and periphera l tissue , 
indicating an adaptation  of InsP^ signalling in P u rk in je  cells.

Photolabile analogues of L-glutam ate would be usefu l to produce 
controlled pulses of L-glutam ate to s tu d y  synap tic  transm ission in th e  
cen tra l nervous system . Several photolabile analogues of L-glutam ate were 
ch arac te rised  using whole cell patch clamp record ing  with g ranu le  cells and 
dorsal root ganglion neurones in cu ltu re . Five photolabile analogues of 
glutam ate were dism issed due to low quantum  yield, instab ility , o r having 
ac tiv ity  a t glutam ate recep to r sites. One photolabile analogue of glutam ate, 
N( 1, ( 2- n itropheny  1 )ethoxy car bony 1) - L- glutamate, satisfied  most of th e  c r ite ria  
req u ired  for a caged neuro transm itter. Compared with L-glutam ate, ImM 
caged glutam ate in its  un-photolysed form was >10000X less po ten t a t th e  
NMDA, and >50X a t  th e  non-NMDA recep to rs . When irrad ia ted  with a 1ms 
pulse of near UV ligh t (300-350nm, 100mJ) it cleaved to release L-glutam ate, 
2-nitrosoacetophenone, and carbon dioxide with a quantum  yield of 50%. 
N either caged glutam ate (ImM) nor its  photolysis b y -p ro d u c ts  had any 
potency as an an tagon ist a t the  excitatory  amino acid sites. The ra te  of 
photolysis was found to have a half time of about 50ms a t pH7, too slow to 
allow fo r s tu d ies  of ra te  of recep to r activation. The ra te  of photolysis, 
however, is pH dependen t increasing 10 fold with one pH un it drop.

The ability  of th e  squid  giant synapse  to w ithstand acidic conditions 
was tak en  advan tage of, and L-glutam ate was photolytically re leased  from 
caged glutam ate equ ilib ra ted  with th e  synapse a t pH5.5. This a b ru p t release  
of L-glutam ate eUcited action potentials in th e  3rd o rd e r  fib re  of th e  g ian t 
sy n ap se  providing good evidence of th e  role of L-glutam ate as a 
n eu ro tran sm itte r a t  th is  synapse.
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1. Excitatory amino acids a s neurotransm itters

The excitatory  effec ts  of L-glutam ic and L -asp artie  acid on ce reb ra l 
co rtical neurones were f i r s t  dem onstrated by d irec t in tracaro tid  in jections 
by Japanese  w orkers s tu d y in g  epilepsy some fo rty  y ears  ago (Okamoto, 
1951; Hayashi, 1952), However it was not un til several years  la tte r  th a t 
system atic  ionophoretic application of a v a rie ty  of amino acids on sp inal 
cord  and  cortical neurones (Curtis e t al, 1959, 1960; Curtis and Watkins, 
1960, 1963; Krnjevic and Phillis, 1963) provided strong  evidence in su p p o rt 
of th e  role of excitatory  amino acids as neu ro transm itters . Since th en  th e  
excita to ry  actions of acidic amino acids has been dem onstrated in a v a rie ty  
of tis su e s  and th e  role of L-glutam ate as a neuro transm itter in th e  cen tra l 
n ervous system  (CNS) is well estab lished  (cf Watkins and Evans, 1981). L- 
glutam ate or L -asp arta te  a re  th o u g h t to be the  endogenous 
n eu ro tran sm itte r su b stan ce  and in th e  CNS they  mediate fa s t sy n ap tic  
transm ission  by activating  ligand-gated  cation channels and modulate 
po stsy n ap tic  excitability  function by activating  second m essenger linked 
’m etabotropic’ recep to rs .

As early  as 1963 it was shown th a t of a large num ber of 
d icar boxy lie amino acids te sted  on sp inal cord neurones (C urtis and 
Watkins, 1963) th e  sy n th e tic  analogue of a sp a rta te  A/-m ethyl-D-aspartate 
(NMDA) (Watkins, 1962) was th e  more potent. Subsequently  o ther analogues 
of glutam ate and asp a rta te , kainic (Shinozaki and Konishi, 1970; Johnston  
e t  al, 1974), and quisqualic acids (Takemoto e t al, 1972, Shinozaki and 
Shibuya, 1974; Biscoe e t al, 1975) were discovered and shown to posses 
excita to ry  potencies. The use  of th ese  various agonists, to g e th er with th e  
developm ent of an tag o n ists  has indicated th a t th e re  a re  a t  leas t five 
d iffe ren t classes of glutam ate recep to r in the  mammalian cen tra l n erv o u s 
system  (CNS) (cf Foster and  Fagg, 1984; Nicoll e t al, 1990). Three of th ese  
re c ep to rs  a re  ligand gated  cation channels and a re  th e  main re ce p to rs  
m ediating fa s t synap tic  transm ission  in th e  cen tra l nervous system . These 
recep to rs , on th e  basis of th e ir  activation by selective agonists, have been 
classified  as NMDA, (S )-a-am ino-3-hydroxy-5-m ethyl-4-isoxazole propionic 
acid (AMPA), and kainate. The o ther two glutam ate recep to rs  a re  those  
which do not d irec tly  modulate a plasma membrane ion channel, b u t ex ert 
th e ir  action via a second m essenger. These include a family of re c e p to rs  
ac tivated  by quisqualate, collectively called th e  glutam ate m etabotropic 
re c ep to rs  (mGluR), and a p resynap tic  glutam ate recep to r selectively  
ac tivated  by 2-am ino-4-phosphonobutyrate (AP4).
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1.2. Ion channels activated by glutamate

Of th e  th re e  glutam ate gated ion channels NMDA is th e  most widely 
stud ied  and characterized , probably  because of early  syn th esis  of selective 
an tagon ists  such as D -2-am ino-5-phosphonovalerate (AP5 or APV) (Davies 
e t  a l  1981). Activation of th is  recep to r re su lts  in th e  opening of a channel 
to several d iffe ren t conductance levels (Cull-Candy and Usowicz, 1987), 
with th e  channel permeable to both Na* and Ca^* ions with a  perm eability 
ra tio  Ca^^iNa* of about 10.6 (Mayer and Westbrook, 1987). This recep to r is 
particu la rly  in te restin g  because it has a c u rre n t voltage relationship  
s tro n g ly  dependent on the  concentration  of magnesium ions bathing th e  
channel, so th a t in th e  p resence of low concentrations of magnesium an 
area  of negative slope conductance is observed. This is because of an open 
channel block of th e  NMDA recep to rs  with magnesium ions between about 
-60 to  -30mV (Nowak e t a l  1984; Mayer e t  a l  1984). The voltage 
dependence of th e  NMDA channels with magnesium ions, and th e  p resence 
of about ImM Mg^* in the  cerebrosp inal fluid re su lts  in production of a 
v e ry  small c u rre n t due to activation  of the  NMDA recep to rs  a t membrane 
re s tin g  potentials. The NMDA recep to rs  a re  also modulated by glycine in 
a s try ch n in e  independent m anner, so th a t th e  activation of the  recep to rs  
is g rea tly  potentiated  in th e  p resence of nanomolar concentrations 
(Johnson and Ascher, 1987), and indeed is dependent on th e  p resence of 
glycine (Klenecker and Dingledine, 1988). NMDA recep to rs  also have a high 
probability  of opening by L-glutam ate so th a t following binding glutam ate 
and glycine 70% of them open before glutam ate unbinds, and of those  
channels th a t do open 60% open before 20ms a fte r  binding glutam ate (Jah r, 
1992). Furtherm ore th ese  recep to rs  a re  shown to be inhibited by 
physiological concentrations of p ro tons (Traynellis and Cull-Candy, 1990; 
Tang e t  a l  1990).

The complementary DNAs encoding d istin c t and a lte rna tive ly  spliced 
forms of th e  NMDA recep to r su b u n its  have been cloned and characterized  
(Moriyoshi e t a l  1991; Kumar e t  a l  1991; Nakanishi e t a l  1992; Kutsuwada 
e t a l  1992; Sugihara e t  a l  1992). These su b u n its  form heterom eric NMDA 
recep to r channels (Meguro e t  a l  1992; Monyer e t a l 1992) which a re  
functionally  d is tin c t (for a review see Nakanishi, 1992). The amîno acids 
controlling th e  sen sitiv ity  of th e  NMDA channel to block by Mg^* and its  
perm eation to  Ca^* have been identified  (Mori e t  a l  1992; B urnashev e t  a l  
1992; Sakurada e t  a l  1993).

The classification of th e  non-NMDA recep to rs  have been more 
difficu lt th an  th a t of th e  NMDA. I t  has been only recen tly  th a t  se lective 
non-NMDA an tagon ists , the quinoxalinediones 6-cyano-7-nitroquinoxaline-
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2.3-dione (CNQX), and 6,7-dinitroquinoxaline-2,3-dione (DNQX) have become 
available (Honore e t  al, 1988). In co n tra s t to NMDA rec ep to rs  th e se  
recep to rs  have little  perm eability to divalent cations (Mayer e t  al, 1987), 
ac tiv a te  rap id ly  with a r ise  time as low as <100ps (Silver e t  al, 1992; see 
also H esterin e t al, 1990; Keller e t  al, 1991; Jonas and Sakmann, 1992; S te rn  
e t  al, 1992; Colquhoun e t  al, 1992) and mediate fa s t synap tic  transm ission  
in th e  CNS. Non-NMDA recep to rs  desensitize rapidly , time co n s tan t betw een
9.3-11.3ms (Colquhoun e t al, 1992), with th e  decay of th e  c u r re n t fa s te r  
a f te r  a b rief pulse compared to a long pulse of glutam ate (Dudel e t  al, 
1990; Colquhoun e t al, 1992; bu t see also T russel and Fischbach, 1989).

Following cloning of th e  complementary DNA by functional expression  
of kaina te-ga ted  ion channels (Hollman e t al, 1989), non-NMDA glutam ate 
su b u n it genes GluRl, GluR2, GluR3 (Boulter e t  al, 1990), and GluRS (B ettler 
e t  al, 1990) have been cloned and functionally expressed  in Xenopus 
oocytes. Hetromultimeric recep to rs  composed of d iffe ren t su b u n its  have 
d is tin c t channel p ro p erties  (Nakanishi e t al, 1990), so th a t Ca^* 
perm eability of kainate-AMPA-gated recep to rs  depends on th e ir  su b u n it 
composition (Hollman e t al, 1991; B urnashev e t al, 1992). Single amino acids 
in th e  glutam ate recep to r su bun its  th a t control th e  cu rren t-v o ltag e  
behaviour (Verdoorn e t al, 1991; C uru tchet e t al, 1992) and Ca^  ̂
perm eability (Hume e t al, 1991; Mishina e t al, 1991) have been iden tified  by 
s ite  d irected  m utagenesis. A cDNA for a glutam ate recep to r su b u n it 
activated  by kainate b u t not AMPA has also been cloned (Egebierg e t  al,
1991).

1.3. Excitatory amino acids and syn ap tic  transm ission

Although a g rea t deal is known about th e  single channel p ro p erties  
of glutam ate gated recep to rs , most of th is  inform ation has been obtained 
by th e  s tu d y  of th ese  channels in xenopus oocytes or neuronal c u ltu re  
p rep ara tio n s  w here synap tic  contact between cells is often  a b sen t or 
g rea tly  modified. T herefore  much less is known about th e  role of th ese  
recep to rs  du ring  synap tic  transm ission. The advances in p rep ara tio n  of 
slices with re la tive ly  in tac t synap tic  connections from th e  nervous system  
in which individual neurones could be visually  identified (Takahashi, 1978), 
and high reso lu tion  patch clamp record ings obtained (Edwards e t  al, 1989) 
has allowed th e  s tu d y  of th e  function of glutam ate gated  ion channels 
d u rin g  synap tic  transm ission  (see for example H estrin e t al, 1990; D’Angelo 
e t  al, 1990; Llano e t  al, 1991, S tern  e t al, 1992; S ilver e t  al, 1992). Co- 
localization of NMDA and non-NMDA recep to rs  a t th e  same sy n ap se  re su lts
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in the  p resence  of two pharmacologically d is tin c t synap tica lly  evoked 
c u rre n ts . Activation of non-NMDA recep to rs  re su lts  in a c u r re n t with rap id  
onset (<lms to peak) and fa s t decay (<10 ms) though  th a t of th e  NMDA 
recep to rs  a re  slower to peak (rise  time of about 8ms) and decay in 
h u n d red s  of milliseconds. The long time course  of th e  NMDA component, 
about too times longer th an  its mean open time (Cull-Candy and Usowicz, 
1987), is not as th e  re su lt  of continuous presence  of th e  n eu ro tran sm itte r 
bu t is solely determ ined by th e  channel k inetics of NMDA recep to rs  (L ester 
et al, 1990). The time cou rse  of free  glutam ate in th e  sy n ap tic  cleft, 
estim ated by k inetic  analysis  of the  displacem ent of a rap id ly  d issociating  
com petitive an tag o n ist from NMDA recep to rs , su g g es ts  th a t d u rin g  sy n ap tic  
transm ission glutam ate peaks a t l.lmM and decays with a time co n stan t of

7 w
l.^ s  (Clements et al, 1992), in agreem ent with estim ates obtained from o th e r 
experim ents (see for example Silver e t al, 1992; Colquhoun e t al, 1992). 
Although millimolar concen tra tion  of L-glutam ate re su lts  in sa tu ra tio n  of 
th e  NMDA recep to rs  th e  much fa s te r  dissociation of glutam ate from non- 
NMDA recep to rs  su g g es ts  th a t dissociation co n trib u tes  to th e  decay of 
th ese  c u rre n ts . Experim ents during  which the  neurones in slices were 
well-clamped, for example in ste lla te  cells of the  visual cortex (S tern  et al,
1992) and g ranu le  cells of th e  cerebellum (Silver et al, 1992) have found 
th a t excitato ry  post sy n ap tic  c u rre n ts  in the  p resence  of NMDA recep to r 
an tag o n ists  have rise  times of about 0.2ms and decay time co n stan ts  of 2.4 
or 1.3ms. These data a re  in agreem ent with those  repo rted  from o u ts id e - 
out patches obtained from hippocampal pyramidal cells in slices following 
1ms application of glutam ate (Colquhoun et al, 1992).

To s tu d y  the  p rocesses involved in sy nap tic  transm ission  in more 
detail it is n ecessary  to be able to mimic th e  action of th e  
n eu ro tran sm itte r d u ring  sy nap tic  transm ission by rap id  application of 
active  compounds to th e  sy n ap tic  cleft. This has been p a rticu la rly  fru itfu l 
a t the  neurom uscular ju n c tio n  where the  post synap tic  region is easily  
identifiable and approachab le  for th e  rap id  application of compounds with 
a p re s su re  pulse o r ionophoretic m icroelectrode (see for example Kuffler 
and Yoshikami, 1975). However th e  complex morphology of th e  sy n ap ses  a t 
th e  cen tra l nervous system  combined with th e  sh o rt d is tance  acro ss  th e  
sy n ap tic  cleft (about 0.1pm) re su lts  in the  p resence  of an  e ffective  
d iffusion b a rr ie r  for th e  compounds applied to th e  sy n ap tic  region. This 
diffusion b a rrie r  re su lts  in the  delayed and nonuniform a rriv a l of 
compounds applied to th e  postsynap tic  region, yield ing am biguous 
inform ation.
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1.4. The technique of flash photolysis

One approach  to th is  problem has been th e  use  of lig h t-ac tiv a ted  
compounds. The q u a te rn a ry  ammonium compound bis-Q was th e  f ir s t  photo
sen sitiv e  compound to be used in physiology. Bis-Q is a po ten t cholinergic 
agon ists  in its  trans  form, bu t void of any potency as its  cis  isomer. The 
c/s-bis-Q , however, is light sensitive  and following a pulse of UV ligh t 
isom erises to produce th e  biologically active trans-bis-Q . The process of 
tran sitio n  from th e  inactive isomer to the  active isomer following a pulse 
of ligh t is rap id , th u s  perm itting th e  production of a rap id  jump in th e  
concen tra tion  of a cholinergic agonist. By allowing a solution containing a 
known concentration  of c/s-Bis-Q to equ ilib rate  with a voltage clamped 
elec tro p h o ru s electroplaque p reparation , and converting it to  trans-bis-Q  
with a pulse of light, L ester was able to follow the  k inetics of activation 
of th e  nicotinic ACh recep to rs  (Lester, 1977). Although th is  ty p e  of photo
sensitive  compounds is no longer used, th e  principles and method of use  
of caged compounds is th e  same. A known concentration of a biologically 
inactive, photolabile analogue of compound of in te re s t (caged compound) 
is allowed to equ ilib ra te  with the  preparation , and a known concentration  
of th e  biologically active compound is photolytically released  following a 
pulse of UV ligh t (F igure 1.1). The re su lt is a spatially  uniform rap id  
concentration  s tep , with kinetics only dependent on th e  photolysis 
reaction, and independent of diffusion. The caged compound has often th e  
additional advan tage  of not being a su b s tra te  for the  u p take  mechanisms 
or metabolic pathw ays due to the  p resence of the p ro tective group. These 
compounds can th e re fo re  be in troduced into the cells by injection or via 
th e  whole cell patch  p ipe tte  and used  with the same ease in tracellu larly  
as th ey  would be ex tracelluarly  (F igure 1.1).

A num ber of photolabile analogues of active molecules have been 
sy n th esised  and used to  elucidate d iverse  physiological mechanisms. These 
compounds include th e  nicotinic acetylcholine recep to r agonist caged 
carbam oyl choline (Walker e t  al, 1986), caged in tracellu lar m essengers such  
as  cyclic nucleotide cGMP and cAMP (Nerbonne e t al, 1984) o r nucleotide 
phosphate  ATP (Goldman e t al, 1982), InsP^ (Walker e t al, 1989), and caged 
d ivalen t cations th e  n itr  series  compounds and DM -nitrophen (Tsien and 
Zucker, 1986; Kaplan and Ellis-Davies, 1988). To be able to  tak e  advantage 
of th e  techn ique  of flash  photolysis when study ing  glutam atergic synap tic  
transm ission  in th e  CNS several photolabile analogues of caged glutam ate 
were syn thesized  by Drs John Corrie, Yoshiki Katayama, Gordon Reid, and 
David Trentham  a t th e  Division of Physical Biochemistry, National In s titu te  
for Medical R esearch, London. To be used as a caged glutam ate, however.
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Figure 1.1 The technique of flash photolysis

The biologically inactive caged compound is allowed to eq u ilib ra te  with 
the  p rep ara tio n . A sh o rt pulse of near UV light re su lts  in the  spatially  
uniform photolytic re lease  of th e  biologically active compound, with 
k inetics only dependen t on th e  photolysis reaction  and in d ependen t of 
diffusion.
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the  photochemical and pharmacological p roperties  of each compound need 
to be ch arac terized  and its  su itab ility  as a caged n eu ro tran sm itte r 
estab lished . Specifically ne ither th e  photolabile compound, nor th e  
byp roducts  and in term ediates of photolysis should activate, nor in te rfe re  
with th e  activation  of glutam ate recep to rs  or its  up take mechanism. 
F urtherm ore th e  ra te  of photolysis of the  compound, and th e  k inetics of 
re lease of glutam ate should be fa s te r  than  the ra te  of activation  of 
glutam ate recep to rs . C hapter 3 outlines th e  principles and experim ents 
necessary  for charac teriza tion  of a caged neu ro transm itte r by providing 
data  for 1, ( 2- n itrop  heny 1 ) -ethoxy car bony 1 ) - L- glutamate, th e  only 
photolabile analogue of glutam ate syn thesized  th a t satisfied  most of th e  
c r ite ria  req u ired  for a  caged neuro transm itter. Chapter 4 dem onstrates th e  
use of th is  compound to show th a t a b ru p t application of glutam ate to  th e  
squid  g ian t synapse  re su lts  in production of postsynap tic  action potentials, 
providing good evidence for th e  glutam atergic n a tu re  of fa s t sy n ap tic  
transm ission  a t  th is  synapse. This phenomenon had not been possible to 
dem onstrate because of th e  complex and inaccessible n a tu re  of th e  
synapse. Although th e  experim ents described  dem onstrate th e  use  of
techn ique of flash  photolysis in s tudy ing  synap tic  transm ission th ey  point 
out th a t in o rd e r to take  full advantage of the  technique it is necessary  
to r e s t r ic t  th e  area  illuminated by th e  pulse of UV light so th a t th e  caged 
compound is photolyzed only in th e  synapse. The technical requ irem en ts 
for th is  a re  d iscussed  in ch ap te r 6.

1.5. Glutamate ’m etabotropic’ recep to rs

Stimulation of glutam ate ’m etabotropic’ recep to rs  tr ig g e r , via a  G 
pro tein , th e  activation  of in tracellu lar second m essenger system s. The 
second m essenger pathw ay most predom inantly activated  by th ese
recep to rs  is th e  hyd ro lysis  of p hos p hoti d y linos itol b isphosphate re su ltin g  
in th e  generation  of inositol 1,4,5 tr is  phosphate (InsP^) and diacylglycerol 
(DAG). The stim ulation of phosphoinositide hydro lysis by glutam ate and 
form ation of inositol 1 ,4 ,5 -trisphosphate  was f ir s t  dem onstrated in s tr ia ta l
neurones in c u ltu re  (Sladeczek e t al, 1985). The p resence of a G pro te in
linked recep to r ac tiva ted  by glutamate, mediating inositol phospholipid 
metabolism was dem onstrated  by characterisa tion  of responses of xenopus 
oocytes in jected  with th e  ra t-b ra in  m essenger RNA to qu isquala te  and 
kainate (Sugiyama e t  al, 1987). The cDNA for a m etabotropic glutam ate 
recep to r, mGluRl, was isolated and characterized  in 1991 (Masu e t al, 1991; 
Houamed e t  al, 1991) and since then  four o th er recep to rs , mGluR2-4 
(Tanabe e t  al, 1992) and  mGluR5 (Abe e t al, 1992) have been ch arac terized .
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These recep to rs  form a family of re la ted , bu t d istinc t genes th a t have a 
unique s tru c tu ra l  a rc h ite c tu re  with a large amino-terminal sequence 
preced ing  th e  seven  m em brane-spanning domains and sh are  no sequence 
sim ilarity with o th e r members of G -protein linked recep to rs (Masu e t  al, 
1991; Houamed e t  al, 1992; Tanabe e t  al, 1992; Abe e t  al, 1992). Although 
both mCluRl, and mGluR2 modulate phosphoinositide metabolism, mGluRS, 
unlike mGluRl, is not capable of inducing stim ulation of the  cAMP cascade 
(Masu e t  al, 1991; Abe e t  al, 1992). These recep to rs  a re  d ifferentially  
exp ressed  in neuronal cells; P u rk in je  cells of th e  cerebellar cortex, for 
example, show selective expression of mGluRl mRNA whereas hippocampal 
CAl pyram idal cells show selective expression  of mGluRS (Abe e t al, 1992). 
mGluR2 is not involved in phosphoinositide metabolism bu t mediates 
inhibition of forskolin-stim ulated cAMP formation in cDNA tran sfec ted  cells 
(Tanabe e t al, 1992). I t  is not clear y e t which second m essenger system  is 
activated  by mGluR3 and mGluRS.

An increase  in phosphoinositide metabolism following stim ulation with 
glutam ate, qu isqualate, o r what might be a selective m etabotropic agonist, 
t r  ans -1 -amino- cy clopenty 1-1,3- d icar boxy lie acid (trasn-ACPD), (Palmer e t al,
1989) has been shown in cells o rig inating  from many neuronal tissu es  such 
as hippocampal (Nicoletti e t al, 1986a; Schoepp and Johnson, 1988), and 
cortical (Godfrey e t  al, 1988, Challiss e t  al, 1988) slices, prim ary cu ltu res  
of s tr ia ta l neurones (Sladeczek e t  al, 1985), cerebellar g ranu le  cells 
(Nicoletti e t  al, 1986b), a s tro cy tes  (Pearce e t al, 1986; Nicoletti e t al, 1990), 
and r a t  b rain  synaptosom es (Recasens e t al, 1987). However desp ite  the  
p resence  of th e  extensive lite ra tu re  on activation of phosphoinositide 
signal tran sd u c tio n  by glutam ate in neurones a rigorous characteriza tion  
of th e  su b seq u en t effects of th e  activation of th is pathw ay on the  
membrane excitability  and in tracellu lar free  calcium concentration, [Ca^*]., 
has not been done. T herefore although it is likely th a t phosphoinositide 
metabolism is not th e  only second m essenger system  activated  by 
m etabotropic glutam ate recep to rs  it was th e  second m essenger system  
selected  for fu r th e r  s tu d y  in th is  thesis .

From experim ents ca rried  mainly on peripheral tissu es  it is believed 
th a t  th e  hydro lysis  of phosphotidylinositol b isphosphate re su lts  in th e  
generation  of inositol 1,4,5 t r is  phosphate (InsP^) and diacylglycerol (DAG). 
DAG enhances th e  ac tiv ity  of p ro te in  kinase C (PKC) by making it more 
sen sitiv e  to  stim ulation by Ca^* (Nishizuka, 1988), while low micromolar 
concen tra tions of InsP^ mediates calcium mobilization (Berridge, 1987; 
B erridge and Irv ine, 1989) by activating  a  calcium channel p re sen t in th e  
membrane of th e  in tracellu lar s to res , th e  InsP^ recep tor. In  th e  cen tra l

26



nervous system  it is believed th a t stimulation of InsP^ production and th e  
su b seq u en t release of calcium from in tracellu lar s to res  by glutam ate may 
be im portant in modifying th e  excitability of neurones and may be involved 
in p rocesses such as neuro transm itter re lease  or long term potentiation 
(for review s see Henzi and MacDermott, 1992; F e rris  and Snyder, 1992). The 
da ta  in su p p o rt of th ese  hypotheses, however, is limited. There is good 
evidence for the  heterogeneous presence of InsPg recep to r binding s ites  
in th e  r a t  brain (Worly e t al, 1987; Worly e t al, 1989; Mignery e t  al, 1990; 
Maeda e t al, 1991), with th e  P urk in je  cells of th e  cerebellum having th e  
h ig h est density  of InsP^ recep to r binding s ites . Furtherm ore in P u rk in je  
cells InsPg recep to rs a re  shown to be localized to th e  calcium sto res , th e  
endoplasm ic reticulum, (Ross e t al, 1989; Satoh e t  al, 1990; Otsu e t  al,
1990). Molecular cloning has shown the  presence of severa l d iffe ren t InsP^ 
recep to r mRNAs in th e  brain, each heterogeneously  d is tr ib u ted  (Dannof e t  
al, 1991; Nakagawa e t al, 1991; Ross e t al 1992) and d iffe ren t from th a t  in 
th e  p erip h ery , although th e re  is no information reg ard in g  th e  functional 
p ro p ertie s  of these  recep to rs . Rapid mixing experim ents using ^^Ca^* with 
tissu e  derived  from th e  CNS indicate th a t low micromolar concen trations of 
InsPg mediates release of calcium (Finch e t al, 1991). Furtherm ore InsP^ 
recep to rs  from canine cerebellum reconstitu ted  in lipid b ilayers ac tivate  
with low concentrations of InsPg (Bezprozvanny e t al, 1991). However in 
both experim ents the  neuronal origin of th e  InsP^ recep to r can not be 
ascerta in ed  since th e  possibility  th a t the  recep to rs  a rise  from glia can not 
be overlooked. Chapter 5 describes experim ents du ring  which th e  
functional p roperties of InsP^ mediated calcium release from in trace llu lar 
s to re s  in cu ltu red  cerebellar astrocy tes , hippocampal pyram idal cells, 
s tr ia ta l neurones, dorsal root ganglion neurones and P urk in je  cells in 
acu te ly  p repared  slices of th e  cerebellum were stud ied . In th ese  
experim ents InsP^ was rap id ly  released in th e  cytosol of single cells by 
p h o to c leav ag e  of caged  InsP^, [Ca^^]. m onitored w ith 
m icrospectrofluorim etry , and th e  whole cell conductance with th e  whole cell 
clamp amplifier. These experim ents provide th e  f ir s t  d irec t evidence for 
calcium mobilization by InsP^ in in tact mammalian neurones, and b ring  to  
ligh t in te re s tin g  d ifferences between InsP^ signalling in non-excitable 
t is su e  and th a t of P u rk in je  cells.

I t  is necessary  to provide an overview of th e  mechanism by which 
in trace llu la r free  calcium is regulated , and its  role in cell physiology. The 
following sections aim to  provide such background.
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1.6. Calcium as a second m essenger

Calcium is one of th e  second m essengers used by physiological 
system s to link ev en ts  th a t occur a t th e  cell membrane, such as membrane 
depolarisation and ligand-recep to r in teraction, with in tracellu lar 
mechanisms, such  as contraction, tran sm itte r and hormone release, or 
activation  of biochemical and molecular processes. The to tal amount of 
in trace llu lar calcium varies  from cell to  cell; brain cells contain l.SmM 
calcium (Widdowson & Dickerson, 1964), Heart cells 4mM (Widdowson & 
Dickerson, 1964), and axons 200-400pM (Keynes & Lewis, 1956). In h igher 
organism s th e  concentration  of calcium in th e  blood plasma is regu lated  to  
approxim ately 3mM by movement of calcium from bones and tee th  (Ames e t  
al, 1964), A calcium concentration  of about 1.7mM (Ames e t  al, 1964) is 
achieved in th e  cerebrosp inal fluid, th e  solution bathing the  cells in th e  
nervous system , by d iffu sional leak and active tra n sp o rt across th e  blood- 
brain  b a rrie r  (Graziani e t al, 1967; Wright, 1972). The essen tia l d ifference 
between in trace llu lar and extracelluar calcium is th a t in the  blood plasma 
and th e  CSF more than  half of th e  to tal calcium is ionised resu ltin g  in a 
free  calcium concentration  of approximately 1.5mM, whereas within cells 
only 0.1% or less of th e  to tal calcium is ionised. The low concentration of 
free  in trace llu lar calcium, [Ca^*]^, was dem onstrated by Hodgkin and 
Keynes when th ey  in jected  radioactive Ca^* into th e  giant axon of a squid , 
and found th a t  th e  diffusion of Ca^  ̂ when a voltage g rad ien t was applied 
was v e ry  limited over a period of hours. By comparing th e  ra te  of 
diffusion of Ca^^ in th e  axoplasm and in solution Hodgkin and Keynes 
(1957) concluded th a t th e  ionised Ca^* in th e  axoplasm was less th an  0.022% 
of th e  to ta l calcium, ie less than  0.1 pM.

The regu la tion  and maintenance of Ca^* ions a t low concentrations 
in tracellu larly  is done by presence of special Ca^"^-binding p ro te ins and 
pumps, th e  f i r s t  of which, troponin  C, was described by Ebashi almost 30 
y ears  ago (Ebashi, 1963). These belong to two groups, th e  membrane- 
in trin s ic  p ro te ins which act as pumps, and th e  nonmembranous proteins. 
Two ty p es  of m em brane-intrinsic calcium binding pro teins have been found; 
f ir s t  Ca^* ATPase calcium pumps which export Ca^* from th e  cell 
(Schatzmann, 1966), or into in tracellu lar organeUes such  as endoplasmic 
(sarcoplasm ic) reticulum  (MacLennan, 1970), and second Na*/Ca^* exchangers 
in th e  plasma membrane (Reuter & Seitz, 1968; Blaustein & Hodgkin, 1968) 
which tra n sp o r ts  Ca^* ou t of th e  cells down th e  electrochem ical g rad ien t 
of Na*. The m em brane-in trinsic p ro te ins provide an almost nonsatu rab le  
buffering  capacity; they  bind Ca^* on one side of th e  membrane (the 
plasma membrane, o r th e  membrane of organelles), tra n sp o rt it across, and
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re tu rn  e ith e r uncompiexed or carry in g  a Na* to  rep ea t th e  tra n sp o r t cycle.
The nonmembranous calcium binding pro te ins such  as troponin  C, 

parvalbum in, and calmodulin which rev e rs ib ly  bind have a limited
buffering  capacity. The main role of th ese  pro te ins is not th a t  of calcium 
buffering  bu t is mainly th e  shaping and transm ission of the  calcium signal. 
These p ro te ins bind two to four Ca^* and upon binding Ca^* acqu ire  th e  
ability  to  in te ra c t with enzyme ta rg e ts . The most stud ied  of th ese  pro te ins 
is calmodulin which a fte r  binding four Ca^^ ions with a high affin ity  
in te ra c ts  with a large number of cellular enzymes a few of which a re  
adenyla te  cyclase, th e  nucleotide phosphodiesterase, phospholamban, and 
th e  Ca^^-pumping ATPase of plasma membranes.

1.7. The measurement of the intracellular free calcium

The investigation of th e  role of in tracellu lar calcium in cell function 
has lead to th e  development and use  of several techniques fo r its  
measurement. Techniques such  as rad ioactive tra c e rs  and flame photom etry 
were employed as early  as m id-fifties for the  measurement of the  total 
in tracellu lar calcium. However, th e  effective concentration  of calcium which 
d rives mass action reactions and quan tita tively  balances them is th e  
hyd ra ted , ionized species which exist in much less concentrations compared 
to the  total, largely bond calcium. Ideally a technique used for the  
m easurem ent of the free  in tracellu lar calcium concentration, [Ca^*]j, should 
be able to de tec t Ca^  ̂ in low nM concentrations, in th e  p resence of a large 
excess of Mg^* and o ther physiological cations, and should be able to 
re p o rt tra n s ie n t changes in [Ca^^]. (with millisecond resolution) without 
modifying calcium buffering  capacity  of th e  cytosol. Techniques utilized 
include th e  use  of ion selective m icroelectrodes, ^^Ca^  ̂ flux m easurem ents, 
optical ind icators, and nmr spectroscopy. I t is not th e  purpose  of th is  
sc rip t to  review these  techniques, and is suffic ien t to point th a t no one 
method used so fa r sa tisfies all of th e  requirem ent listed above. The 
princip le and limitation of use of fluo rescen t optical ind ictors, however, 
will be d iscussed  since it forms th e  basis of the  experim ents rep o rted  
here.

1.8. Fluorescent calcium indicators

Fluorescent calcium indictors a re  chemicals th a t following binding 
calcium ions re a rran g e  increasing or decreasing  th e ir  fluo rescen t quantum  
yield. These compounds a re  in troduced  into th e  cytosol and  th e  
fluorescence emitted is m easured by a photom ultiplier o r photodiode,
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capable of detecting  changes in the  calcium concentration with millisecond 
time resolu tion . The range  of detectable calcium concentration depends on 
th e  affin ity , concentration, and th e  change in th e  quantum efficiency of 
th e  dye following binding calcium, as well as th e  efficiency of th e  
experim ental ap p a ra tu s  used.

The f ir s t  rationally  designed high affin ity  fluorescen t Ca^* indicators 
were sy n th esised  by a ltering  the  s tru c tu re  of th e  Ca^* chelator e thy lene 
glycol bis(3-am inoethyl ether)-N,N,N’,N’,-te traace tic  acid, EGTA (Tsien, 1980); 
re su ltin g  in compounds with g rea t selectiv ity  for calcium against 
magnesium ions. Fluo-3, based on th e  calcium chelator BAPTA, is one such  
fluo rescen t ind icator with excitation and emission w avelengths in th e  
v isib le spectrum  (506, 526 nm excitation & emission fluorescence maxima 
with excess Ca^^) th a t increases its  quantum efficiency up to 40 fold with 
increasing  [Ca^^] (effective 0.40 pM) in solution (Minta e t al, 1989). The 
fac t th a t  th is  ind icator does not req u ire  excitation a t the  UV range allowed 
its  u se  in flash  photolysis experim ents, where UV illumination re su lts  in 
unw anted photolysis. However, as d iscussed in chap ter 2, th e  high affin ity  
of th is  dye re su lts  in local sa tu ra tio n  and a gross deviation from linearity , 
so cannot be used for quan tita tive  measurements of large calcium 
tra n s ie n ts . For th is  purpose the  fluorescen t indicator F urap tra , which has 
a much lower affin ity  for calcium, was used. F u rap tra  was developed from 
th e  magnesium chelator APTRA (Raju e t al, 1989), has a AJj of 44pM for Ca^* 
and 5.3mM for Mg^*, (Konishi e t al, 1991), and can be used, with care, to 
m easure la rg e  calcium tran sien ts .

The e ffec t of th ese  indicators on the ra te  of diffusion and buffering  
of in trace llu la r calcium is d iscussed  in chap ter 2.
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Chapter 2
Experimental m ethods and u n derly ing  th eo ry
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2. In troduction

In th is  chap ter a descrip tion  of th e  experim ental ap p ara tu s  and 
p rep ara tio n s  will be given and th e  princip les of th e  techniques and th e ir  
lim itations will be d iscussed.

2.1. Preparations

All chemicals were purchased  from Sigma, UK unless otherw ise 
s ta ted .

2.2. Explant cultures of cerebellar granule cells

Cerebella were removed from Wistar ra t  pups (6- to 8 -days-o ld) 
killed by decapitation and tra n s fe rre d  to Eagle’s essen tia l medium (Flow 
Laboratories) containing 10% fetal calf serum (heat inactivated; Imperial 
Laboratories), penicillin (lOOunits/ml; Flow Laboratories) and streptom ycin 
(lOOunits/ml; Flow Laboratories). The meninges were removed, and th e  
cerebella were chopped (0.4mm) with a Mcllwian tissu e  chopper in two 
perpend icu lar directions. The slices were collected and medium was added 
to obtain a 15ml suspension. This suspension was drawn into a syringe, 
and gen tly  passed th rough  1.1mm and 0 .8mm diameter needles successively . 
The resu ltin g  explants were allowed to se ttle  for a few minutes and the  
u p p er 12ml was plated onto cover-slip s  (No 1, 13mm & 40mm diameter) 
which had previously been coated with poly-l-lysine (lOpg/ml in distilled 
w ater fo r 2 hours), poly-ethylene-im ine (0.1% in borate  buffer, pH 8.6 for 
one hour), or laminin (20pg/ml in borate buffer, pH 8 .6 ; > half an hour on 
prev iously  poly-l-lysine coated coverslips). A ra tio  of one cerebellum to 
five 13mm cover-slips was used. Explants were maintained in cu ltu re  
medium a t 37®C in a humidified incubator gassed with 5% C02 .*95% air. The 
medium was replaced th re e  times a week. For experim ents individual cover- 
slips were fixed to th e  bottom of a record ing  chamber with vaseline 
(Glisseal, Borer Chemicals).

2.3. Explant cultures of the hippocampus and the striatum

Seventeen to e igh teen  days a f te r  mating a p reg n an t Wistar r a t  was 
anaesthetized  with diethy  1-ether and decapitated. Following an incision in 
its  lower abdomen th e  g rav id  u te ru s  was removed and placed in serum  
free  medium. All the em bryos were d issected from th e  u te ru s , separa ted  
from th e ir  amniotic sac and decapitated . The brains were removed and th e
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hippocampi and striatum  were d issected  and placed in individual p e tri 
d ishes containing serum  free  medium. The tissu e  was chopped, tr itu ra te d  
and plated following th e  same p rocedure as th a t of cerebellar explant 
cu ltu re s . For th ese  explants, however, one hippocampus, or striatum  was 
used per two 13mm cover-slips.

2.4. Explant c u ltu re s  of Dorsal root ganglion neurones

Spines were removed from 1-day  or 6- to 8-day-o ld  neonatal ra ts , 
cu t open and th e  spinal cord was taken  out allowing th e  visualization of 
ganglions embedded in th e  cavities. The dorsal root ganglia were pooled 
and incubated  in 1ml of dissociation cu ltu re  media containing 0 .2% 
collagenase (W orthington Biochemical), 0.1% hyaluronidase , 0.02% try p s in  
inhib itor, for two hours a t 37°C in a w ate r-sa tu ra ted  incubator gassed with 
5% C02:95% air. The solution containing the  tissu e  was tr i tu ra te d  using a 
polished pasto r p ipe tte  and cen trifuged  a t lOOOrpm fo r 5 minutes. The 
su p e rn a tan t was asp ira ted , th e  tissu e  was re -su sp en d ed  in 10ml of medium, 
and was plated onto glass cover-slip s  coated with laminin. The cells were 
kep t in th e  incubator and usually  used within two days of cu ltu re .

2.5. Excised cerebella r P u rk in je  cells

The cerebellum  from a 25-28g Wistar r a t  (12-15 days old) 
anaesthetized  with d ie th y l-e th er were removed following cervical 
dislocation, and th e  vermis d issected . The pia was removed and th e  verm is 
was cu t to four pieces in Hank’s solution which was supplem ented with the  
following (mM): 2 CaClg, 1 MgClg, 1.7 glucose, 5 NaHEPES a t pH 7.4 (all th e  
solutions were warmed to 37®C unless o therw ise s ta ted ). The tissu e  was 
tra n s fe rre d  to  10ml of a cold (4®C) enzyme solution containing (mM): 81.4 
NagSO^, 30 K2SO4, 5.8 MgCl2, 0.25 CaClg, 20.4 glucose, 1 NaHEPES (pH 7.4), 
and 1.5mg/ml pro tease  XXIII (Sigma) for five minutes. The solution was 
allowed to  warm in a water bath  (37®C) for 5 minutes, and was shaken for 
a fu r th e r  7 m inutes in th e  shaking  w ater bath. The enzyme solution was 
asp ira ted , and th e  tissu e  was ag ita ted  gently  for 2 minutes in 10ml of a 
solution containing (mM): 150 NaCl, 2.8 KCl, 2 MgSO^, 10 NaHEPES (pH 7.4), 
Img/ml try p s in  inhib itor (from soya bean), and Img/ml BSA. The solution 
was asp ira ted , th e  tissu e  resuspended  in 5ml of Eagle’s minimum essen tia l 
medium (the  Eagle’s minimum essen tia l medium used  was modified by 
addition of 15mM glucose and lOmM NaHEPES, pH7.4) supplem ented with 
Img/ml try p s in  inh ib ito r and Img/ml BSA, and gently  tr i tu ra te d  with a  fire  
polished p a s te u r  pipette. The la rg e  lumps were allowed to  se ttle  and th e
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su p e rn a ta n t was gently  poured over 5ml of a solution in a narrow  
cen trifu g a tio n  tu b e  containing Eagle’s essen tia l medium supplem ented with 
lOmg/ml try p s in  inhib itor, and lOmg/ml BSA. The solution was cen trifuged  
for 1 minute a t  SOOrpm, th e  su  perfu sa te  asp ira ted , and the  pellet gently  
resu sp en d ed  in 5ml of Eagle’s essen tia l medium containing Img/ml try p s in  
inh ib ito r. The suspension  was allowed to se ttle  for 10-12 minutes and th e  
top 4ml of th e  suspension  was added to 3-4 poly-L-lysine/lam inin coated 
coverslips. The cells were used within 3-4 hours.

2.6. Optimization of th e  th in  b ra in  slice p rocedure

A procedure  for p reparation  of th in  slices of tissu es  (Edwards e t  al,
1989) allows th e  application of th e  patch clamp technique to visually
identified  cells with in tac t synap tic  inpu t in situ. This method com prises 
two s tep s : f ir s t  cu ttin g  th in  slices (about 120-300pm) with a tissu e  sheer, 
and second cleaning the  su rface  membrane of individual cells for
application of th e  patch  clamp technique. F luorescence microscopy and v ita l 
s ta in ing  of cells were used to  optimize the p rocedure for th e  p reparation  
of r a t  brain  slices.

2.7. P repara tion  of th in  b ra in  slices

Brains from Wistar ra ts  (8-45 days old) anaesthetized  with d iethy l- 
e th e r  were removed v ery  rap id ly  following cervical dislocation and
decapitation (less th an  1 minute) and incubated in cold (0-4°C) slicing 
solution, low calcium containing b icarbonate solution (see section 2 .11. 
Solutions), for a t least 3 minutes. To obtain mechanical stability , a large  
block of tissu e  containing th e  region of in te re s t was cu t by hand, with a 
su rface  parallel to th e  desired  orien ta tion  of slices, and was glued to th e  
s tag e  with a th in  layer of cyanoacrylate  glue. S ubsequent v ital sta in ing  
(see below) of th e  slices dem onstrated th e  im portance of keeping th e  
tem p era tu re  of th e  tissu e  low during  slicing to maximize su rv iva l of 
neurones. To achieve th is  th e  sectioning and slicing was performed in a 
cold room (4°C) as follows. After sectioning roughly  down to th e  req u ired  
level it was often n ecessary  to d iscard  a few slices before uniform slices 
could be obtained. The slicing was continuously monitored and th e  
vibratom e variab les (forw ard speed, am plitude of v ibration, and frequency  
of v ib ra tion  of th e  blade) were ad ju sted  so th a t th e  tissu e  was never 
pushed  b u t always c u t by th e  blade. Using th e  b lun t-end  of a p as teu r 
p ip e tte  each slice was tra n s fe rre d  to  a incubation cham ber (Edwards e t  al, 
1989), containing calcium enriched  incubation solution. After slicing, th e
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tem p era tu re  of th e  incubation chamber was allowed to reach  e ith e r th e  
room tem p era tu re  (about 22-27"C), o r 37”C by placing it in an incubato r 
for th e  f ir s t  hour following sectioning. In e ith er case th e  slices were k ep t 
a t room tem pera tu re  a fte r  th e  f ir s t  hour. One slice a t a time was placed 
in a  g lass or q u a rtz  bottomed record ing  cham ber and held in place w ith 
a g rid  of parallel nylon th re ad s  (Konnerth e t al, 1987) made from 
stock ings. This cham ber was placed on th e  microscope s tag e  and was 
continuously  perfused  with gassed solution a t a ra te  of 2ml per minute.

For cu ttin g  th e  slices an Oxford Vibratome was modified to produce 
la rg e r am plitude of v ibra tion  (about 1.2mm) and was used to g e th e r with 
single edged ’v a le t’ blades supplied by the  Camp den Instrum ents. Table 2.1 
summ arises th e  p rocedure  th a t resu lted  in th e  maximum su rv iv a l of th e  
neurones as determ ined by vital stain ing  of slices p rep ared  u n d er 
d iffe ren t conditions. After initial incubation, no fu r th e r  deterio ration  was 
seen fo r up to 6 -8  hours. After 8-10 hours fewer cells seemed to su rv ive , 
with th e  m ajority of live cells deep in th e  slice. I t was found, however, 
p rog ressive ly  more difficult to clean the  su rface  of th e  slices with a 
cleaning p ipe tte  when th e  slices were kept longer than  7-9 hours. The age 
of th e  animals used was not found to be v ery  critica l for th e  su rv iv a l of 
cells when damage to  th e  cells was minimized by choosing the  r ig h t slicing 
orien tation . The age, however, did limit the maximum th ick n ess  of th e  slices 
since it was often  more difficult to see individual cells in slices from older 
animals.

Most laboratories working with brain slices incubate th e  slices a t 
37"C fo r a t least one hour before use. No p roper explanation is given fo r
th is. Experim ents were perform ed to see w hether th is  incubating
tem p era tu re  had any  effect on the  v iability  of slices. Horizontal 
hippocampal slices were cu t and th e  viability of the  cells examined before 
and a f te r  incubation a t 37®C (see next section). I t was found th a t more 
cells on th e  su rface  of the  slices incubated a t 37®C were alive and few er 
damaged. This could be due to  "washing off" of th e  dead cells from th e  
su rface  of th e  slice. Indeed in su p p o rt of th is  possibility  less cleaning of 
neurones was found to be req u ired  a fte r  incubation a t 37°C.

2.8. Estimation of the slice thickness and vital staining

The slice th ickness was estim ated by focusing on th e  bottom of th e  
slice cham ber and m easuring th e  d istance travelled  by an indicator on th e  
fine focus knob of th e  microscope when th e  su rface  of th e  slice was 
b ro u g h t into focus. The fine-focus knob of th e  microscope was calib ra ted  
by refocusing  from th e  upper edge of a 150pm glass coverslip  to its  lower
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*  D e c a p i t a t e  a n d  r e m o v e  t h e  b r a i n  a s  q u i c k l y  
a s  p o s s i b l e  ( < 6 0 s )

*  P l a c e  t h e  b r a i n  I n  c o l d  ( < 4 0 )  s a l i n e  f o r  
a t  l e a s t  3  m i n u t e s ,  p a y i n g  p a r t i c u l a r  
a t t e n t i o n  t o  t h e  p H  a n d  I o n i c  c o m p o s i t i o n  o f  
t h e  s o l u t i o n

* S t i c k  d o w n  a  l a r g e r  b l o c k  o f  t i s s u e  w i t h  
t h e  d e s i r e d  o r i e n t a t i o n

*  G e n t l y  p o u r  c o l d  s a l i n e  o v e r  t h e  t i s s u e

* A d j u s t  t h e  a m p l i t u d e  o f  v i b r a t i o n , a n d  t h e  
s p e e d  o f  f o r w a r d  m o t i o n  s o  t h a t  t h e  t i s s u e  
I s  n e v e r  p u s h e d ,  b u t  a l w a y s  c u t

*  T r a n s f e r  t h e  s l i c e s  w i t h  t h e  b a c k  e n d  o f  a  
p a s t e u r  p i p e t t e  t o  a n  I n c u b a t i o n  c h a m b e r

* K e e p  a t  3 7 o  f o r  a b o u t  1 h o u r  b e f o r e  u s e

*  T r a n s f e r  t o  t h e  r e c o r d i n g  c h a m b e r  a n d  
c o n t i n u o u s l y  p e r f u s e  w i t h  g a s s e d  s a l i n e

Table 2.1 P ro ced u re  fo r p reparation  of th in  slices of th e  CNS
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edge. Slices were incubated in a  gassed b icarbonate solution containing 
lOiig/ml F luorescein d iacetate  for 15 minutes, and were th en  e ith er counter 
sta ined  with 0 .2mg/ml ethidium bromide in b icarbonate solution for 2 

m inutes or tra n s fe rre d  d irectly  to  th e  slice chamber for viewing. 
F luorescein diacetate  is not fluo rescen t b u t is enzym atically broken down 
to  fluorescein  inside th e  cells. The cells th u s  sta ined  were considered to 
be v iable when th e  slices were viewed using th e  fluorescein filte r se t 
s ince th ey  had th e  ab ility  to cleave fluorescein  d iacetate to fluorescein and 
keep it w ithin th e ir  o u te r membrane. Ethidium bromide is a membrane 
impermeable nuclear s ta in  which s ta in s  th e  nucleus only when th e  cell wall 
is damaged. Cells with sta ined  nuclei, when th e  slice was viewed with th e  
rhodam ine filte r  se t, had damaged cell membranes and were assessed  as 
dead. Images obtained with a CCD camera were s to red  on video tape  
(Videostar, Ferguson).

2.9. O rientation of slicing

Experim ents were perform ed to te s t  w hether th e  orientation of 
slicing had any  correlation  with th e  su rv ival of neurones in regions of 
in te re s t. Hippocampal slices were p repared  in four d iffe ren t orien tations, 
namely coronal, sag itta l, horizontal, and in a 45® angle to the  mid brain  
(F igure 2.1). Slices were stained  with fluorescein  diacetate and ethidium 
bromide immediately a f te r  sectioning and cell su rv iv a l in d ifferen t regions 
of each slice assessed . Within each orien tation  a particu la r p a rt of th e  
pyram idal cell layer su rv iv ed  b e tte r  than  the  re s t, although no major 
d ifferences were observed  in th e  su rv iva l of g ranule cells in the  den ta te  
g y ru s . The m ajority of th e  CAl pyram idal cells did not su rv iv e  if th e  
hippocam pus was sliced with th e  45® orientation, although v ery  little  
damage was done to th e  CA3 pyram idal cells. With th e  same orientation, 
however, live cells could be found deep inside th e  CAl region (about 45pm 
from th e  su rface), if th e  th ickness of th e  slice was g re a te r  than  150pm 
(F igure 2.2). Longer incubation of th e  slices a t room tem perature did not 
g rea tly  effec t th e  su rv iv a l of th e  d iffe ren t regions. In co n tra s t to th e  45® 
orien ta tion , in coronal and sag itta l sections th e  CÀ1 pyramidal cells 
su rv iv ed  b e tte r  than  th e  CA3 pyram idal cells (F igure 2.3). In th e  
horizontal o rien ta tion  th e  e n tire  pyramidal cell layer su rv ived  uniformly 
(F igure 2.4) and slices as th in  as 75pm could be made w ithout any major 
cell loss. I t  is likely th a t  th e  p re fe ren tia l su rv iv a l in d iffe ren t regions in 
sections c u t with d iffe ren t o rien ta tions is re la ted  to  th e  geometry of th e  
d en d ritic  tree ; sectioning  in an  orien ta tion  across  th e  d endritic  tre e  causes 
cell damage and increases th e  possibility  of cell death. This idea was
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Resulting hippocampal slice Plane of Slicing

Saggital

Horizontal

Coronal

45 degrees

Figure 2.1 Orientations used to slice the  r a t  hippocampus

The diagram shows different orientations used when slicing the  
ra t  hippocampus and the shape of the ir resu lting  slices. Neurones from 
d ifferen t regions survived preferentially  depending on the orientation 
(see text).
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Figure 2.2 Vital Staining of 45® hippocampal slice

120pM thick slices of the ra t hippocampus sliced a t 45®. Slices 
were stained with Fluorescein diacetate (FDA) or Ethidium Bromide (EB) 
afte r 1 hour incubation a t 37®. A) CA3 region of the slice stained with 
FDA for live cells; B) CAl region of the same slice stained with EB for 
dead cell.
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Figure 2.3 Vital Staining of coronal and sagital hippocampal slices

120pM thick slices of the ra t hippocampus sliced a t coronal 
and sagital orientations. Slices were stained with Fluorescein 
diacetate (FDA) or Ethidium Bromide (EB) after 1 hour incubation 
a t 37". A) CAl region of a coronal slice stained with FDA for live 
cells; B) CAl region of a sagital slice stained with EB for dead
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Figure 2.4 Vital Staining of a horizontal hippocampal slice

120pM thick slices of the ra t hippocampus sliced a t horizontal 
orientation. Slices were stained with Fluorescein diacetate (FDA) or Ethidium 
Bromide (EB) a fte r 1 hour incubation a t 37®. A) CAl region of stained with 
FDA for live cells, note individual cell bodies (scale 50pm/cm); B) CA3 
region of the  same slice stained with FDA for live cells (scale 35pm/cm).
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Figure 2.5 Cleaning of a Purkinje cell in a slice of cerebellum

Photographs show a 200pM thick slice of ra t cerebellum viewed 
with a 40X water immersion objective. Panel (A) shows the  cleaning 
pipette  (slightly out of focus) and outline of a Purkinje cell (centre of 
micrograph). Positive p ressu re  a t the back of the  cleaning pipette 
re su lts  in a stream of saline which ’cleans’ the  surface of the cell from 
debris. Panel (B) shows the same cell a fte r it has been cleaned. Note the  
whole cell patch pipette (top left of the  cell) and the axon of the 
Purkin je cell (bottom rig h t of the cell). Scale is 20pm/cm.
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su p p o rted  by th e  fac t th a t  in th ick  slices live neurones could be found 
deep in th e  reg ions in which superficial neurones did not su rv iv e . The 
g ranu le  cells of th e  d en ta te  g y ru s, however, a re  v e ry  small, in g rea t 
num bers, and  w ithout an  extensive dendritic  tree . This could explain th e  
lack of varia tion  in th e  su rv iv a l of granule cells in sections cu t a t 
d iffe ren t o rien ta tions.

2.10. Thin slices  of the cerebellar Cortex

P u rk in je  neurones in th in  slices of th e  cerebellum were used to 
inv estig a te  th e  calcium mobilising actions of InsPg. The cerebellum was 
d issected  from brain  rap id ly  excised from a Wistar r a t  (25-55g), the  
mid b ra in  removed, and c u t sag itally  a t  th e  verm is into two pieces. One of 
th e  blocks was fixed on th e  s tag e  so th a t  sag itta l 300pm thick  slices of th e  
verm is w ere obtained. This orientation  was parallel to th e  extensive 
d en d ritic  t re e  of P u rk in je  neurones and resu lted  in th e  maximum surv ival 
of th e se  cells as  te s ted  with v ita l s ta in ing  of th e  slices. F igure 2.5 shows 
consecu tive pho tographs of a  th in  cerebellar slice during  which a  P urk in je  
œ il was cleaned and patch clamped.

2.11. Solutions

The minimal in trace llu lar patch p ipette  solution contained (mM) 153 
K-Gluconate, 3 Na-ATP, 3 MgSO^, and 8 HEPES buffered  to  pH 7.2 with KOH, 
with os m olarity of 293mos mol/1. Some in tracellu lar patch p ipette  solutions 
also contained 50pM GTP. The ’ATP reg en era tin g ’ in tracellu lar patch  p ipette  
solution contained (mM): 140 K-Gluconate, 3 Na-ATP, 3 MgSO^, 8 K-HEPES, 
0.1 leupeptin , 0.05 GTP, 10 phosphocreatine, and lOmg/ml creatine  
phosphokinase (240units/m g) ad ju sted  to pH 7.2 with osm olarity of 
297mosmol/l. The chloride containing in terna l solution used was (mM): 120 
KCl, 2 KHgPO ,̂ 5 CHgCOONa, 20 K-HEPES, 6 MgSO^, 5 Na-ATP, and 0.05 EDTA 
a d ju s te d  to pH 7.2 with osm olarity of 294mosmol/l.

The ex tracelluar solution for cu ltu red  cells contained (mM): 150 NaCl, 
2.8 KCl, 1 CaClg, 2 MgSO^, and 10 Na-HEPES ad ju sted  to  pH 7.4, osm olarity 
299mosmol/l. For activation  of NMDA channels magnesium was omitted and 
5pM glycine added. The calcium free  solutions contained no added calcium 
with 0.5mM EGTA.

Fluo-3 (200pM or 1.2mM; Molecular Probes) or F u ra p tra  (500pM, 
Molecular P robes) were included in th e  in tracellu lar patch  p ipe tte  solution 
when changes in th e  [Ca^*]^ were monitored.

The l-(2 -N itropheny l)e thy l e s te r  of inositol (1,4,5) trisp h o sp h a te
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(Walker e t  al, 1989), Caged InsPg, (g ift from Dr D Trentham , Division of 
Physical Biochemistry, NIMR) was used in experim ents d u rin g  which th e  
calcium mobilising action of InsPg was stud ied . Depending on th e  phosphate  
re s id u e  e s te r  if led, caged InsP^ ex ists  in PI, P4 and P5 isom ers. P4 and P5 
caged InsPg a re  biologically inactive with th e  exception th a t  P5 caged 
InsPg inh ib its  th e  soluble InsP^ 3-k inase of bovine brain  (Walker e t  al,
1989). For experim ents on cu ltu red  neurones and as tro cy tes  P4 caged InsP^ 
was added  to  th e  in tracellu lar solution (1-100 pm). P4 caged InsPg was 
used fo r all th e  experim ents on P u rk in je  cells when Fluo-3 was used as 
an ind icato r, and 3 P u rk in je  cells when F u rap tra  was used as th e  calcium 
ind icato r. However due to  lack of availability of P4 caged InsP^ th e  
m ajority  of experim ents on th e  P u rk in je  cells when F u rap tra  was used as 
th e  ind icato r was with P5 caged InsP^. No d ifference was observed  between 
th e  re sp o n ses  recorded  in th e  3 P u rk in je  cells loaded with F u ra p tra  and 
P4 caged InsP^ and those loaded with F u rap tra  and P5 caged InsPg.

For th in  b rain  slices th e  slicing solution contained (mM): 125 NaCl, 
2.5 KCl, 1 MgSO^, 26 NaHCO ,̂ 1.25 NaH^PO^, 0.5 CaCl^, and 11 Glucose. The 
incubation solution was th e  same with 1.5mM calcium chloride, and th e  
experim ental solution had e ith e r 2mM calcium chloride, or 4mM magnesium 
su lp h a te  with 0.5mM EGTA. The pH of all th e  bicarbonate based solutions 
was close to  7.4 when bubbled with 95%02:5%C02 gas. These solutions had 
an osm olarity of about 298mosmol/l.

For experim ents on th e  squid  giant synapse  artific ial sea w ater of 
th e  following composition was used (mM): 470 NaCl, 10 KCl, 11 CaCl2, 11 
MgClg, 30 MgSO^, 50 HEPES; pH 7.8. Experiments in acid pH were made in 
artific ia l seaw ater buffered  with 50mM 2-phosphoglycerate (pK^=6.2) or MES 
(pH 5.5).

2.12. Experim ental ap p a ra tu s

Two se ts  of ap p ara tu s  were used for th e  experim ents rep o rted  in 
th is  th esis , and  for ease in re fe ren ce  they  have been term ed "Inverted" 
and "Slice" microscopes.

2.13. In v e rted  microscope

F igure 2.6 shows th e  schem atic diagram, and Photograph 2.1 th e  
ac tua l In v e rted  microscope se ts  of app ara tu s. This a p p a ra tu s  allowed 
sim ultaneous m icrospectrofluorem itry, flash  photolysis and patch  clamp 
reco rd in g s  from single cu ltu red  neurones or glia. I t  consisted  of a fixed 
s tag e  Nikon Diaphot microscope mounted on an an ti-v ib ra tio n  tab le  inside

45



W";/
*•*‘‘’veu;; , 'i i

%
^^UV'v’

Photograph 2.1 The Inverted  microscope

Opposite page

Figure 2.6 The schematic diagram of the  Inverted  microscope
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a Faraday  cage.
Cells were viewed with a 40X 1.4 NA objective th ro u g h  th e  glass o r 

q u a rtz  coverslip  forming th e  bottom of th e  record ing  cham ber. The ligh t 
collected formed an image e ith e r a t th e  eye pieces, or a t th e  side  of th e  
microscope a t a rec tan g u la r diaphragm , via a prism, on a CCD camera. A 
s h u tte r  immediately a fte r  th e  prism blocked th e  leakage of lig h t to th e  
photom ultipliers. The cell under s tu d y  was selected by viewing th e  cells 
on a black and white monitor and ad ju stin g  th e  rec tan g u la r diaphragm  
(which was in an  image plane for th is  purpose). Light from a continuous 
xenon arc-lam p, placed outside th e  Faraday cage to reduce electrical 
in te rfe ren ce , was taken  th ro u g h  a liquid fiber optic to th e  ep ifluorescence 
p o rt of th e  microscope. Excitation ligh t was passed th ro u g h  a filte r and 
d irected  by a dichroic m irror to  fill th e  back of th e  objective. 
F luorescence em itted was collected by th e  objective, and d irected  via th e  
dichroic m irror, a b a rrie r  filte r and th e  rec tan g u lar diaphragm  to  th e  
photom ultiplier o r CCD camera. Pulses produced by th e  photom ultiplier 
(200ns, +5 to  OV) in response to detected  photons were, via an  Amptek 
A l i o  discrim inator, e ith er binned (bin size g rea te r  or equal to  1ms) and 
counted by Photon Technology Inc (PTI) photon counting board, or 
in teg ra ted  by a Cairn in teg ra to r. Signals from th e  PTI board w ere sampled 
and  analyzed on a com puter (IBM compatible, 20MHz, 286 processor 
equipped with a 287 maths co-processor using PTI softw are a t  various 
sampling ra te s  (range 300-1000Hz). Signals from Cairn photon counting 
board were sampled (300Hz or IkHz, filte red  with a RC filter, RC=4ms) and 
analyzed using  a com puter (IBM compatible, 33MHz, 486 processor) with a 
CED 1401-plus in terface  card  (Cambridge Electronic Design) and CED Signal 
A verager softw are (Cambridge Electronic Design).

A xenon flash  lamp (Rapp & Guth, 1988), was used to  provide th e  
near UV ligh t fo r photolysis of caged compounds; a bank of capacito rs 
could be charged  between 100-300V, and manually d ischarged  via an a rc  
lamp producing a 1ms pulse of UV light. To p rev en t tra n s fe r  of mechanical 
v ib ra tion  produced by th e  d ischarge of th e  a rc  lamp, th e  lamp housing 
was mounted sep ara te ly  from the  a ir  table. The a rc  of th e  flash  lamp was 
focused with a q u artz  lens (focal leng th  of 3 cm) on th e  record ing  
cham ber placed on th e  microscope s tag e  illuminating an area  of about 4mm 
diam eter, on th e  optical axis of th e  microscope. An Schott UG-11 filte r in 
th e  flash  lamp re s tr ic te d  th e  wave leng th  to  300-350 nm. To obtain  th e  
optimal ang le  of th e  incident light th e  amount of ligh t reflec ted  from a 
f ro n t s ilv er coated m irror was m easured with a photodiode. The m irror was 
replaced  with th e  record ing  cham ber filled with solution and th e  angle of 
th e  inc iden t lig h t was varied  so th a t minimal ligh t was reflected  from th e
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solution. An incident angle of 38° was se t a t  which only 13% of th e  ligh t 
reflected  by th e  m irror was reflected  by th e  solution (see Ogden e t  al,
1990). Irrad ia tio n  of g lass bottom of th e  record ing  cham ber and  th e  
ob jective  lens with UV resu lted  in phosphorescence which m anifested as 
long (about 30ms) optical a rtifac t in th e  records. To minimize th e  
phosphorescence q u a rtz  coverslips were used to form th e  bottom of th e  
reco rd ing  cham ber, and UV block oil instead  of lens oil was to  red u ce  th e  
amount of UV ligh t reaching  th e  objective lens. These precau tions re su lted  
in a flash  optical a r tifa c t of less th an  15ms. Separate g rounding  of th e  
flash  lamp ap p ara tu s , double screen ing  of its  cables, and carefu l rou ting  
of th e  power cable minimized the  electrical a rtifac t produced by firin g  of 
th e  flash  lamp to less th an  1ms.

A Huxley micromanipulator was used to  position a patch p ip e tte  for 
patch  clamp record ing , and a p re ssu re  puffer o r th e  perfusion  system  
w ere used fo r localised or bath  application of solutions (see below).

A part from th e  flash  lamp, which was grounded separa te ly , all th e  
a p p a ra tu s  were connected to  a common ground.

2.14. Slice Microscope

The Slice microscope comprised of th e  modified body of a 
M icroinstrum ents M2 fixed s tag e  u p rig h t microscope with Zeiss optics 
(F igure 2.7, Photograph 2.2) and Kohler illumination. L ight from a SOW QTM 
bulb positioned a t th e  back of th e  microscope was d irected  by a movable 
45° m irror to  fill th e  back of a Reichat UV condenser (0.9 NA) focused on 
th e  cells. A Zeiss 40X 0.75 NA, w ater immersion objective was used  to  view 
th e  cells and th e  ligh t collected was d irected  so th a t  an  image was formed 
a t th e  eye pieces o r a t a rec tan g u la r diaphragm  and via prism  on th e  
d e tec to r of a CCD camera. A simple video co n tra s t enhancem ent c ircu it 
(Ashmore, 1987) was often used to improve th e  quality  of th e  image. The 
a rea  of in te re s t was selected by th e  ad ju stin g  th e  rec tan g u la r diaphragm .

The lig h t from a 150W tu n g sten  halogen lamp powered by a  co n stan t 
c u r re n t  power supp ly  (15V, lOA, Parnell), was guided by a fib e r op tic  to 
th e  epifluorescence po rt of th e  microscope, passed th ro u g h  a diaphragm , 
its  w avelength re s tr ic te d  by an excitation filte r, and reflec ted  by a 
d ichroic m irror so th a t it iUuminated th e  back of th e  objective. 
F luorescence was coUected by th e  objective, passed th ro u g h  th e  dichroic, 
b a rr ie r  f ilte rs , th e  rec tan g u la r diaphragm  and th e  prism to  th e  
photom ultiplier. The signal from th e  photom ultiplier was sen t to  a  Amptek 
Alio discrim inator, in teg ra ted  by a  Cairn photon counting board and 
reco rded  on FM tape.
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Photograph 2.2 The Slice microscope

Opposite page

Figure 2.7 The schematic diagram of th e  Slice microscope



The use  of th e  w ater immersion objective p reven ted  th e  application 
of th e  UV pulse from above. The flash  lamp was positioned vertically  under 
th e  base p late on th e  optical axis of th e  microscope, and th e  ligh t path 
was th ro u g h  a hole in th e  base-p late , pulling back th e  movable m irror, so 
th a t  th e  UV pulse filled th e  back of th e  UV condenser. The flash  lamp was 
focused on th e  cells by ad ju stin g  th e  condenser so th a t th e  flash  a rc  was 
in focus when th e  cells were viewed with a  low power objective. The 
condenser and th e  record ing  cham ber were made from silica to minimize 
en e rg y  loss of th e  UV ligh t and to  reduce th e  optical a r tifa c t due to 
p hos p hor escence.

Two Huxley m icromanipulators were used to  position th e  cleaning and 
patch  p ipettes, and a th ird  small manipulator was used to  position th e  
p re s su re  p u ffer p ipette.

2.15. Bath and puffer application of solutions

Two ty p es  of perfusion  system s were used, with th e  solution 
removed by a vacuum pump via a suction tu b e  and th re e  tra p s  to  reduce 
e lectrica l in terferen ce . With th e  inverted  microscope a 4 way manual tap  
was mounted near th e  s tag e  and was a rran g ed  so th a t th e  perfusing  
solution could be a ltered  rap id ly  between two solutions, with th e  dead time 
being th a t of th e  leng th  of fine tub ing  used to  connect th e  tap  to  th e  
s tag e  (volume <200yl). The solutions were g rav ity  fed and th e  perfusion 
ra te  was about 4ml per minute changing th e  bath  solution in about 15s.

With th e  slice microscope two tu b es  were attached  to  th e  water 
immersion objective, allowing rap id  change of two solutions. Solutions were 
g rav ity  fed and each solution could be tu rn ed  On o r Off with electrically  
opera ted  pinch valves. Perfusion ra te  was about 2 ml per minute.

A Huxley m anipulator was used to  position a pu ffer p ipe tte  two cell 
diam eters away from th e  cells u n d er study . Puffer p ipe ttes  were made 
using  th e  same p rocedure  and  se ttin g s  used for normal thin-w alled whole 
cell patch  p ipettes. The back end of th e  puffer p ipette  was connected to  
an  electronically  gated electrically  switched two way valve, and was 
a rra n g e d  so th a t th e  pu ffer was su b jec t to  e ith e r normal atm ospheric, or 
1 kPa a ir  p re ssu re . The o u tp u t signal of th e  tap  c irc u itry  was a rran g ed  
so th a t  it  sw itched from 0 to  -1.5 volt when th e  tap  was tu rn ed  on, th u s  
m arking th e  onse t and leng th  of application of solutions. The On and Off 
lag times of th e  valve used a re  rep o rted  to be 3 and 5 ms respectively .
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2.16. Electrical Recordings

In  all experim ents, a p a rt from those  perform ed on th e  squid  g ian t 
fib re , th e  whole-cell voltage clamp configuration  of th e  patch  clamp 
tech n iq u e  was u tilised (Hamill e t  al, 1981). Patch p ip e ttes  were made from 
th in-w alled (0.16mm) and thick-w alled (0.32mm) borosilicate g lass cap illary  
tu b in g  containing a filament (1.5mm ou tside  diam eter, Clark Electromedical) 
with a vertica l p ipe tte  puller (Kopf). To reduce  th e ir  e lec trical capacitance, 
p ip e ttes  were coated with sy lgard  (Dow Corning) o r dipped in melted 
parafilm  wax and mineral oil (50/50 parafilm melted in mineral oil) while 
app ly ing  positive p ressu re . P ipettes were back-filled  with various 
in trace llu la r solutions and had a re s is tan ce  between 3-8MQ. T ight seals 
were formed and th e  membrane under th e  patch p ipe tte  was e ith e r broken 
by  suction  or perfo ra ted  by th e  haemolytic staphylococcal a-toxin (see next 
section) to achieve whole cell configuration. The se rie s  re s is tan ce  in th e  
whole cell reco rd ings was typically  between 8-15MQ. The patch  clamp 
am plifier used was an Axopatch-IB (Axon Instrum ents) with a conventional 
re s is to r  feedback head-stage. Signals were s to red  on wide band FM tap e  
(Racal S tore 4; bandwidth: DC 2.5 or 5kHz). The data  obtained d u rin g  
ch arac te risa tio n  of ’caged’ glutam ate analogues were cap tu red  a t  lOkHz and 
analyzed using SCAN, a softw are w ritten  by Dr John Dempster, in 
conjunction  with a LabMaster analogue to  d igital co n v erte r and a com puter 
(IBM compatible, 386 processor, 25MHz) equipped with a 387 maths 
coprocessor. The data  obtained while s tu d y in g  th e  effec t of in trace llu lar 
re lease  of InsPg were also s to red  on FM tape, bu t were cap tu red  and 
analyzed using Signal A verager (Cambridge Electronic Design) in 
con junction  with a CED 1401-plus (Cambridge E lectronic Design) in te rface  
board and  a com puter (IBM compatible, 486 processor, 33MHz).

To estim ate th e  junction  potential p re sen t d u rin g  th e  whole cell 
reco rd in g s  a whole cell patch  p ipette  was filled with in trace llu lar patch  
p ip e tte  solution and placed in a  record ing  cham ber containing th e  ex terna l 
solution. A junction  potential of 3.5mV was m easured by reco rd ing  th e  
o ffse t produced when th e  bath  solution was replaced  with th e  in te rn a l 
solution. Membrane potentials a re  not co rrected  for th e  estim ated junction  
potential.

2.17. Experiments on the giant synapse

The ste lla te  ganglion from small specimens of th e  squ id  A llo teu th is  
subula ta  o r Loligo fo rb esii were mounted above a q u a rtz  window in a bath  
of to ta l volume 500pl containing oxygenated artific ia l seaw ater m aintained
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a t  16^C and viewed on th e  Slice microscope, with th e  UV pulse delivered 
from u n d ern ea th  as described . In  one se t of experim ents th e  synapse  was 
viewed with a binocular microscope and photolysis was with a xenon a rc  
lamp focused from above as described for th e  Inverted  microscope. 
P resynap tic  stim ulation of th e  palliai n erve  (second o rder g ian t fib re) was 
by a suction  e lectrode and postsynap tic  record ing  was with an 
in trace llu lar m icroelectrode in serted  close to th e  synapse in th e  la rg es t 
th ird  o rd e r g ian t fib re . M icroelectrodes were pulled from th e  thick-w alled 
g lass described , using  a Kopf puller and had resis tance  of 8-12MQ when 
filled with 3M KCl. An Axoclamp-2A amplifier (Axon Instrum ents) was used 
to  record  th e  membrane potential and th e  signals were recorded on a 
wideband FM tape. The data  were cap tu red  e ither with a s to rage  
oscilloscope fo r looking o r on a Medelec to obtain photographic perm eant 
records.

2.18. Use of th e  haemolytic a-toxin fo r patch perforation

For conventional tig h t-sea l whole cell record ings electrical continuity  
of th e  patch p ipe tte  with th e  cytosol is obtained by d isrup tion  of th e  
membrane un d er th e  patch p ipette  with suction or a  large (1.5V) voltage 
pulse (Hamill e t  al, 1981). Although th is  method has the  advantage of 
allowing th e  contro l of th e  in tracellu lar cytosolic composition (Hamill e t  al, 
1981; Marty and Neher, 1983), th e  cytosolic dialysis th a t occurs via th e  
patch  p ipette  (Marty and Neher, 1983) has been reported  to re su lt in th e  
modification or loss of function of ion channels or second m essenger 
mediated p rocesses (Fernandez e t  al, 1984; Trautm ann and Marty, 1984; 
Dufy e t al, 1986; Horn and Marty, 1988; Korn and Horn, 1989; C arter and 
Ogden, 1992). Two methods have been used to p reven t, or slow, th e  'wash 
o u t’ phenomenon; e ith e r a cytosolic ex trac t is added to th e  in tracellu lar 
patch  p ipette  solution (Dufy e t al, 1986), or the  electrical con tinu ity  
between th e  patch  p ipette  and cytosol is achieved in a more controlled 
manner by increasing  th e  membrane perm eability by inclusion of ATP in 
th e  patch p ip e tte  solution (Bennett e t  al, 1981), or permeabilising th e  
membrane u n d er th e  patch with a membrane pore forming antibiotic, 
n y sta tin  (Horn and Marty, 1988). The use  of n ysta tin  to form pores has 
advan tages over ATP-permeabilisation of th e  membrane th a t it does not 
re q u ire  ATP recep to rs  p resen t on a limited num ber of cell types, and th a t 
voltage contro l of th e  cytosol is g reatly  improved because of smaller 
access resis tan ce . The d isadvantage in th e  use of nysta tin  as a membrane 
p e rfo ran t is th a t  th e  pores formed by th is  an tib iotic a re  permeable only 
to  monovalent cations such  as  Na*, and  th ere fo re  do not allow in troduction
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of dyes and caged second m essengers from th e  patch  p ipette. I t  would be 
usefu l, therefo re , if similar patch perforation could be achieved with a 
p e rfo ran t which re su lts  in th e  formation of la rg e r pores in th e  membrane.

The haemolytic a-toxin released from s tra in  Wood-46 (varian t NCTC 
10344) of Staphylococcal aureus  (Kjems, 1963) is a monomeric p ro te in  of 
34kDa (Lind e t al, 1987) which has been used for perm eabilisation 
(’sk in n in g ’) of smooth (Kitazawa e t  al, 1989) and skeletal muscle membranes 
(Torok e t al, 1990) perm itting access to molecules of molecular weight up 
to Ik  Da (Fussle e t  al, 1981). A similar technique to  th a t for ny sta tin  
perforation  of the  cell-a ttached -patches was developed with the  a-toxin as 
th e  membrane perforan t.

Dorsal root ganglion neurones were use to investiga te  th e  p roperties  
of th e  a-toxin as a perfo ran t. An aliquot of a-toxin (800U/ml or lOOOOU/ml; 
g ift from Dr K Torok, Division of Physical Biochemistry, NIMR) was diluted 
into th e  in tracellu lar patch p ipette  a t 50-200U/ml, spun  to remove deb ris  
and kep t on ice for up to  3 hours during  th e  experim ents. 0.5-0.75pl was 
pu t in the  tip of th e  patch p ipette  by back-filling and th e  re s t  of th e  
p ip e tte  filled with normal solution. High resis tan ce  tig h t seals were 
obtained by gentle suction within th re e  minutes of en te rin g  th e  bath 
solution; longer delays resu lted  in a reduced chance of obtaining a good 
tig h t seal. Series resis tan ce  was monitored by m easuring th e  peak c u rre n ts  
d u rin g  capacitance sp ikes when a 5ms 2mV voltage s tep  was applied. Good 
access to the  cytosol was developed over th e  course of several minutes; 
usually  small fluctuations in the  membrane conductance were observed  
followed with a sudden  increase in th e  membrane conductance (F igure 2.8). 
Occasionally a fte r  th e  sudden  increase in th e  membrane conductance th e re  
were fluctuations in th e  membrane conductance (F igure 2.8) which se ttled  
to provide a low access resis tan ce  between 10-16MQ and did not change 
d u rin g  the  course of experim ents (upto 1 hour). Increasing  the  
concentration  of th e  toxin reduced th e  time taken  to  achieve a series  
re s is tan ce  of less than  30MQ (Table 2.2). Increasing  th e  concentration  of 
a-toxin  also decreased th e  success ra te  in obtaining a good tig h t seals so 
th a t with lOOU/ml of a-toxin the  success ra te  was about 80%. During some 
experim ents th e  calcium indicator Fluo-3 was also included in th e  patch 
p ipette . Equilibration of th e  indicator between th e  cell and pipette, 
monitored by th e  increase and subsequen t levelling of th e  whole cell 
fluorescence, was achieved 2-4 minutes following membrane perm eabilisation 
by a-toxin.

a-toxin was also used a t lOOU/ml to perm eabilise th e  membrane of 
cell a ttached  patches of cells in th e  prim ary cu ltu re s  of hippocampus, 
stria tum , as trocy tes , and pig aortic  endothelial cells, as well as P u rk in je
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Figure 2.8 Patch perforation with a-toxin

The records  show th e  conductance of a DRG neuron patch 
clamped a t  -70mV (p ipe tte  potential). A tigh t seal was formed a t  
t=0 and 2mV, 5ms long voltage s teps  were applied a t  lOOHz. The 
patch p ipette  contained 100 Units/ml a-toxin. Conductance of the  
patch under  the  p ipette  increased gradually  a f te r  3 minutes. After 
about 7 minutes th e  conductance suddenly  increased, fluctuated  
for a few seconds, and stabilised to resu lt  an access res is tance  
of 15MQ. The access res is tance  did not a lter during  th e  course  of 
experiment (about 45 minutes).
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a-toxin concentration  
/  Units ml“^

Time tak en  to achieve access 
re s is ta n ce  <15MQ /  minutes

50 20

60 15

80 10

100 6

200 2

Table 2.2 Concentration dépendance of patch  perforation  by a-toxin

Approximate time taken  to achieve whole cell configuration with 
a se rie s  resis tan ce  less than  15MQ with vary ing  concentration  of a- 
toxin in the  patch  p ipette . Rat DRG neurones.
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cells in acutely  p repared  th in  slices of th e  cerebellum; and proved to  be 
essen tia l for rep roducib le  responses of endothelial cells to ATP when 
record ing  conductance and [Ca^^]. with fluorescen t calcium ind icators 
(Khodakhah e t  a l  1992, C arter and Ogden, 1992).

2.19. Estimation of the extent of photolysis under the experimental 
conditions

To en su re  reproducib le  and maximum illumination of th e  cells with 
th e  UV light th e  flash  lamp was aligned and its  a rc  focused on th e  cells 
before experim ents. On th e  In v erted  microscope th e  a rc  was focused with 
a silica lens (3cm focal length) so th a t bu rn  p a tte rn s  (about 4mm diameter) 
obtained on a piece of UV sensitive photographic paper (Kodak) placed on 
th e  s tag e  were concentric  with th e  optical axis of th e  microscope. On th e  
Slice microscope th e  flash lamp was aligned and th e  UV condenser ad ju sted  
in th e  continuous mode so th a t th e  flash a rc  could be visualised on the  
cells when viewed with a low power objective.

The power o u tp u t of th e  flash  lamp could be altered  by selecting 3 
or 7 capacitors before th e  experim ent and charg ing  to various potentials 
of 100, 150, 200, and 300V with 7 capacitors, and 150, 300V with th ree  
capacitors. The power ou tp u t of th e  flash  lamp measured with a bolometer 
in th e  range  300-350nm was lOOmJ (7 capacitors charged  to 300V), and 
varied  less than  10mJ from pulse to pulse.

The ex ten t of photolysis in th e  Inverted  microscope was estim ated 
as follows. A small drople t (5pl) containing caged ATP (500 pM) was placed 
on th e  microscope stage, and irrad ia ted  by firing  th e  flash lamp. The area  
illuminated by th e  UV light was g re a te r  than  th a t occupied by th e  droplet, 
and th e  maximum path leng th  of th e  ligh t th ro u g h  th e  d rople t was less than  
1.5mm ̂  resu ltin g  in underestim ation of th e  ex ten t photolysis by less than  
5%2. The drop le t was collected, th e  concentrations of free  and caged ATP 
measured with ionic exchange HPLC, and th e  p ercen t photolysis of caged 
ATP calculated. The percen tage photolysis obtained for caged ATP was 
used to calculate th e  amount of InsPg released photolytically since caged 
ATP and caged InsP^ have th e  same ex ten t of photolysis un d er th ese  
conditions (Walker e t  a l  1989).

 ̂ The d rop le t was assumed to form a hem isphere, the  rad iu s  of which 
was calculated to be 1.47mm.

 ̂ Using th e  Beer-Lam bert law, th e  maximum reduction  in th e  in ten sity  
of th e  UV ligh t by th e  sample, assum ing an average extinction coefficient 
of 550M"^cm”‘ for th e  w avelength 300-350nm (eg^y=660M'^cm"^; Walker e t al, 
1989), and a path leng th  of 1.5mm would be 4.3%.
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One essen tia l p re req u is ite  of th e  method described  above was th a t 
th e  irrad ia ted  a rea  was g rea te r  th an  th a t occupied by th e  sample. This 
was difficult to  achieve with accuracy  on th e  slice microscope because th e  
a rc  of th e  flash  lamp was focused with th e  silica condenser to irrad ia te  a 
v e ry  small a rea  (about 500pm diameter). One approach to th is  problem 
would be th e  use  of a  caged fluorophore th a t is normally quenched and 
fluoresces a f te r  photolysis. The area  from which light is collected is 
re s tr ic te d  to an  a rea  smaller than  th a t irrad ia ted  by the  flash, and th e  
concentration  of th e  free  fluorophore photolytically released estim ated from 
an empirical calib ration  cu rv e  of fluorescence v e rsu s  concentration. The 
advan tage  of th is  approach  would be th a t the  caged fluophore can be 
included in th e  patch  p ipette  to d irectly  estim ate th e  ex ten t of photolysis 
of th e  caged fluophore inside a cell. The extent of photolysis of o th er 
caged compounds can be estim ated by comparing th e ir  photolytic efficiency 
with th a t of th e  caged fluophore in la rg er volumes in cu v e tte  experim ents. 
Attem pts made to employ th is  technique using  caged fluorescein ally 1-ether 
or ally 1- maleiamide were not successfu l because of problems with th e  
chem istry  and slow photolysis of th e  caged compound.

An a lte rn a tiv e  approach for estimation of th e  extent of photolysis 
was implemented using th e  fluorescen t pH indicator 2’,7’bis(2- 
carboxyethy l)-5 (6 )-carboxyfluorescein , BCECF, (pK^=6.89) exploiting th e  
stoichiom etric photolytic release of a proton with ATP du ring  th e  
photolysis of caged ATP (Walker e t al, 1988). Using BCECF an increase in 
th e  concentration  of protons was detected as a decrease in the  
fluorescence em itted by th e  indicator since the  fluorescence quantum  
efficiency of BCECF is g reatly  reduced when it is protonated. One millilitre 
of a solution containing 40pM BCECF (approximate concentration), 3mM 
MgClg, ImM d ith io trie to l, and 137pM caged ATP a t pH 7 was placed in a 
q u a rtz -b a se  reco rd in g  chamber on th e  Slice microscope. The su rface  of th e  
record ing  cham ber was viewed with a 40X 0.75NA w ater immersion 
objective, and th e  UV condenser was ad ju sted  so th a t th e  a rc  of th e  flash  
lamp could be v isualised  a t  th e  same place. Fluorescence emitted from a 
400pm^ area  (20pm square) was measured, and flash  lamp was fired  a t 
various in tensities  (F igure 2.9). Following each pulse of UV ligh t th e  
fluorescence was reduced  dem onstrating an increased  proton concentration. 
The fluorescence signal recovered over several seconds as pro tons or dye 
diffused away because only a small fraction  (<0.5%) of th e  to tal volume of 
th e  solution was irrad ia ted  and th e  protons released  could not significantly  
a lte r  th e  proton concentration  of th e  total solution. Mixing th e  solution 
resu lted  in th e  fu ll recovery  of the  fluorescence to its  p re -fla sh  
background level, allowing th e  calibration p rocedure to  be carried  out
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Figure 2.9 Calibration of photolysis with th e  fluorescen t proton 
indicator BCECF

Figure shows fluorescence measured from a 20pm sq u are  of 
a solution containing 40pM BCECF, 137pM caged ATP, 3mM MgCl^, 
and ImM dithiotrieto l a t pH 7. The flashlamp was aligned and 
focused so th a t th e  a rc  could be visualised in the plane of focus. 
The xenon a rc  lamp was discharged  a t various potentials (a=100V, 
b=150V, c=200V, and d=300V; all with 7 capacitors) irrad ia ting  a 
500pm diameter circle. Photolysis of caged ATP re su lts  in th e  
stoichiom etric re lease  of one proton for each molecule of ATP. The 
rise  in th e  proton concentration  following each pulse was detected 
by th e  indicator and is reflected  in the  signal by a decrease in 
th e  fluorescence. A relatively  small volume of the solution was 
illuminated (<0.5%), and th e  protons released could not 
significantly  a lte r th e  proton concentration of the solution. Mixing 
of th e  solution following each pulse re su lted  in the  recovery  of 
th e  signal to its  p re -flash  levels (dots). The same solution was 
titra te d  by addition of small volumes of 5mM HCl and a calibration 
cu rv e  constructed  (see F igure 2.10, opposite  page). The amount 
of p ro tons released with each flash was estim ated from th e  
calibration curve, and the  ex tent of photolysis in the  solution 
calculated.
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Figure 2.10 Photolysis calibration curve

The change in the  fluorescence emitted by the  flu o rescen t pH 
ind icator BCECF was measured following addition of small am ounts of HCl 
and a calibration  cu rve constructed . The percen t photolysis was 
estim ated by reading  from th e  calibration cu rve  the  equ ivalen t proton 
released  with each pulse of UV light (s ta rs , 300, 200, 150, and lOOV).

Flash In ten sity  /  V 100 150 200 300

Slice Microscope (SM) 15 26 35 53

SM co rrec ted  for Slice 10 19 25 38

In v erted  Microscope NA 15 NA 30

Table 2.3 Extent of photolysis achieved in the experimental apparatus

The ex ten t photolysis estim ated from th e  BCECF calibration  on th e  
In v e rted  and Slice Microscopes. The co rrected  values for a 300pM th ick  
slice on th e  Slice Microscope is also reported .
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without th e  need to change th e  solution with th e  obvious advantage th a t 
the  path leng th , area , and ligh t in ten sity  were unaltered  th roughou t th e  
experim ent. The change in th e  fluorescence when small volumes of 5mM HCl 
was added to  th e  solution was m easured, and a calibration cu rv e  
constru c ted  (F igure 2.10). The amount of protons released with each flash  
was estim ated from th e  calibration curve, and th e  ex ten t of photolysis in 
th e  solution calculated.

The ex ten t of photolysis was co rrected  for th e  loss in in ten sity  of 
UV ligh t due its  passage th ro u g h  brain  slices. The extinction coefficient 
of CNS slices a t 316nm was estim ated to be 10cm" ̂  by m easuring 
transm ission of ligh t th ro u g h  various slices of known th ickness in th e  
experim ental microscope, and th e  ex ten t of photolysis corrected  for th e  
loss of th e  UV ligh t in ten sity  due to  th e  passage of th e  ligh t th ro u g h  th e  
slice using th e  Beer-Lam bert law. The loss of th e  in tensity  of th e  UV ligh t 
a f te r  passing  th ro u g h  a slice of 300pm was estim ated to  be 26%. Table 2.3 
lis ts  th e  ex ten t photolysis achieved on th e  Inverted  and Slice microscopes 
with various in tensities  of illumination measured by caged ATP photolysis 
with HPLC or proton release calibrations.

I t should be noted th a t th e  ex ten t of photolysis can be estim ated by 
an a lte rn a tiv e  way if the  exact concentration of the  fluorescen t proton 
indicator, BCECF, is known. The fre e  [/T] can be calculated from th e  
fluorescence em itted by BCECF from th e  equation:

w here Ajj is th e  dissociation constan t of the  dye, F is the  fluorescence of 
th e  dye a t f re e  proton concentration  [/T], and Fmin and Fmax a re  th e  
fluorescence of th e  indicator a t  zero and sa tu ra tin g  concentrations of H* 
(see appendix 1 for th e  derivation). By q uan tita tive  measurement of th e  
fluorescence em itted from a solution containing BCECF and caged ATP cifter 
a pulse of UV light, the  change in th e  free  proton concentration can be 
obtained from th e  above equation. If th e  concentration of th e  indicator, 

is known th e  change in th e  concentration  of protonated indicator can 
also be obtained:

[DMDH\=d ,tot

62



w here [DH\ and [D] a re  th e  concentration of protonated and unpro tonated  
dye. The to tal amount of protons released, is given by:

From th e  to ta l amount of protons released a f te r  each flash  th e  ex ten t 
photolysis can be calculated and corrected  for th e  loss of ligh t by its  
p assage th ro u g h  th e  tissu e  as d iscussed above. A d isadvan tage of 
calculation of th e  ex ten t photolysis by th is  method is th a t it is im portant 
to  know th e  exact concentration and of th e  indicator a t th e  ionic 
s tre n g th  and tem peratu re  of th e  experim ental solution and th e re fo re  d irec t 
calib ration  was p re fe rred .

Although theoretically  th e  ex ten t photolysis in th e  solution could be 
estim ated accurate ly  and co rrected  for the loss of energy  due to th e  
tissu e  appropria te ly , between experim ents th e  e r ro rs  due to lamp 
alignm ent, loading of caged InsPg in the cell, and tru e  cell to cell 
varia tions a re  more difficult to  estim ate. However the  mean latency  of onset 
of th e  increase  in Fluo-3 fluorescence when 38pM InsPg (submaximal 
concentration) was photolytically released in 15 cells was 22.1+3.2ms (mean 
and SEM). If it is assumed th a t close to th is concentration of InsP^ an 
in v e rse  linear correlation  exists between th e  concentration  of InsP^ 
re leased  and  latency of calcium release (supported  by the  data described  
in ch ap te r  5), coefficient of th e  variation in th e  concentration  of InsP^ 
re leased  photolytically is less than  40%.

2.20. Estimation of calcium with fluorescent indicators

The relation  between th e  fluorescence em itted by th e  fluo rescen t 
calcium indicator and [Ca^*] is:

- ^ ) ..............................................

w here is th e  dissociation constan t of the  dye, F  is th e  fluorescence of 
th e  calcium ind icator a t f re e  calcium concentration and and F^^
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a re  th e  fluorescence of the  indicator in zero and saturating^ 
concentrations of Ca^* (see appendix 1). The calcium concentration  of a 
w ell-stirred  homogenous solution of an  indicator and calcium ions can also 
be obtained from th e  above equation, if it is assumed th a t th e re  is 
negligible loss of the  excitation ligh t and th e  fluorescence emitted due to 
absorp tion  by th e  solution. The relationship  between th e  fluorescence 
em itted and [Ca^*] can be approximated to a linear function {¥=[Cc?*]/K^) 
only when th e  concentration  of free  calcium is much less than  th e  of 
th e  dye. The average calcium concentration of a non-homogenous solution 
of calcium ions, assum ing homogenous d istribu tion  of th e  fluo rescen t dye, 
can only be determ ined if th e  ra te  of change in the  fluorescence of dye 
a t  each point with change in th e  free  calcium concentration is th e  same.

The high affin ity  of Fluo-3 for calcium ions (Ajj=0.4pM), and th e  large 
increase  in its  quantum efficiency following binding calcium makes it ideal 
for m easuring small changes in th e  calcium ion concentration around th e  
re s tin g  levels of However th e  non-linearity  of Fluo-3 a t low pM
concen tra tions of Ca** re n d e rs  estim ation of large in trace llu lar calcium 
tra n s ie n ts  im practical since th ese  tra n sien ts  a re  often associated with 
existence of large  calcium g rad ien ts  in the  cytosol re su ltin g  in local 
sa tu ra tio n  of th e  dye. Consequently measurement of h igher [Ca^*]., and 
la rg e  calcium tra n s ie n ts  req u ires  an indicator with lower affin ity  for 
calcium, such  as F u rap tra  (A!p=44pM). These indicators were selected 
because th e  use  of caged compounds during  experim ents p reven ted  th e  use 
of ind icato rs requ iring  an excitation wavelength in th e  UV range. During 
th e  experim ents Fluo-3 was excited a t 450-490nm and th e  fluorescence 
em itted was measured a t 515-565nm, and F u rap tra  was excited a t 395-440nm 
and th e  fluorescence emitted measured a t th e  w avelengths >470nm.

2.21. Additional calcium buffering and increase in calcium mobility by 
calcium indicators

The ex ten t of additional buffering  in troduced in to  th e  cell by th e  
calcium indicator can be calculated from th e  ratio  of th e  bound calcium to 
fre e  obtained by rea rran g in g  th e  law of mass action equation  describ ing 
th e  reaction  process a t equilibrium ;

‘ If th e  binding of calcium ions with the  indicator re su lt in a molecule 
with g re a te r  fluorescen t quantum  efficiency, such  as Fluo-3, the and 
^ax  be the  minimum and maximum fluorescence emitted by th e
indicator. However if th e  binding of th e  calcium ions with the ind icator 
re su lt  in a molecule with lower fluorescen t quantum  efficiency, su ch  as 
F u rap tra , th en  th e  and F   ̂ would correspond to th e  maximum and th e, , mm max *•
minimum fluorescence of th e  dye respectively .
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[DCd\_ m
[Ca]

[Z)Cû]+[D]=[D]tot

where, [DCa] and [D] a re  th e  concentrations of dye in calcium bound and 
unbound forms, and a re  th e  to tal concentration  and th e
dissociation constan t of th e  dye, and [Ca] is th e  concentration  of f re e  
calcium ions. The rep o rted  endogenous cell buffering a t re s tin g  f re e  
calcium concentration  of O.lpM is of the  o rd e r of 50 bound calcium ions to 
1 fre e  in th e  axons of Loligo (Baker & Umbach, 1987) and 75 bound to  1 
fre e  in bovine chrom affin cells (Neher & Augustine, 1992). In  th e  
experim ents w here Fluo-3 was used to  monitor th e  average  cytosolic 
change of th e  [Ca^*]. th e  concentration of dye, 200 pM. By
su b s titu tin g  for the  Æp=0.4pM (Minta e t al, 1989) and the  concentration  
used in th e  above equation it is ap p aren t th a t a t a free  calcium
concen tration  of O.lpM Fluo-3 would in troduce a su b stan tia l additional 
buffering  in th e  cytosol, of an o rd er of 400 bound calcium ions to  1 free. 
In experim ents where th e  lower affin ity  dye F u rap tra  was used, desp ite  
th e  h igher concentration  (500 pM), the  additional buffering  in troduced  is 
only th a t of 11 bound to 1 free  calcium ions a t a free  calcium
concentration  of O.lpM. Therefore when th e  re su lts  obtained a re  
in te rp re te d  it is im portant to consider th e  su b stan tia l buffering  of Fluo-3 
compared to th e  endogenous buffers, although th a t of F u rap tra  may be 
neglected.

The influence of mobile buffer on th e  d istribu tion  of calcium ions 
can be illu stra ted  by th e  following considerations. Dyes a re  soluble and 
th e  calcium bound to th e  dye is able to  d iffuse in th e  cytosol, effectively  
increasing  th e  ra te  of diffusion of free  calcium ions in th e  cytosol. The
diffusion in one dimension is given by Fick’s second law:

dC _  — =u.-
dt dx^

w here C is th e  concentration  of th e  d iffusing su b stan ce  along th e  x-axis, 
t  is time, and D is th e  diffusion coefficient. The diffusion of a su b stan ce  
is slowed by binding to  immobile compounds and Fick’s second law is 
modified to:
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dt R+1

where R  is th e  num ber of molecules of th e  substance  bound to th e  
immobile compound for ev e ry  free  molecule (Crank, 1975). The diffusion of 
calcium, assum ing an endogenous cytosolic calcium buffering  of 1 f ree  to 
75 bound calcium ions a t O.lpM free  calcium, is th ere fo re  reduced by 
l/(75+ l) in th e  cytosol. The effect of in troducing  200pM Fluo-3 in th e  
cytosol would be an additional buffering  of 400 bound to 1 fre e  calcium 
ions a t a free  calcium concentration  of O.lpM. Calcium ions bound to th e  
dye a re  able to  d iffuse a t th e  same ra te  as th e  dye. Therefore in th e  
p resence of Fluo-3 for ev e ry  75 immobile calcium ions th e re  exists 401 
mobile calcium ions, and th e  diffusion of calcium in solution would be 
401/(75+401), effectively  increasing  60 fold. Similarly th e  increase in th e  
ra te  of diffusion of calcium with in troduction  of 500pM F u rap tra  in th e  
cytosol may be calculated and, in co n tras t to th a t b rough t about by Fluo- 
3, neglected. In practice  th e  increase in th e  ra te  of diffusion is not as 
high as th a t estim ated, because of binding of dyes to  in tracellu lar pro te ins 
in th e  cytosol (Konishi e t al, 1991). The effect of calcium buffering  and th e  
a lte ra tion  of th e  ra te  of diffusion of calcium on th e  in te rp re ta tio n  of th e  
data obtained will be considered in detail in th e  discussion.

2.22. Calibration of th e  fluorescence signal in term s of calcium 
concen tra tion

Some attem pt was made bu t Fluo-3 cannot be calibrated because it 
is likely th a t du ring  th e  tra n s ie n ts  recorded th e  concentration of free  
calcium exceeded th e  range  a t  which th e  dye fluorescence was proportional 
to concentration . The background fluorescence of th e  cell was recorded  
before proceeding to th e  whole-cell configuration. The ex ten t of 
equ ilib ration  achieved between th e  patch p ipette  solution and th e  cell soma 
was monitored by record ing  th e  fluorescence emitted from th e  soma of th e  
cells; th e  signal increased  d u ring  th e  5-8 minutes su bsequen t to  obtaining 
a whole cell configuration and was usually constan t a fte r  10 minutes. 
Experim ents were perform ed only a f te r  the fluorescence emitted did not 
change with time, with th e  minimum ’equilibration waiting time’ of 10 

m inutes. To compare signals from d ifferen t cells the  in ten sity  of th e  
excitation light, and th e  a rea  from which ligh t was collected were kep t 
constan t. The in ten sity  of th e  illumination ligh t was ad ju sted  by applying 
a co n s tan t voltage across th e  tungsten -halogen  lamp, or by m easuring th e
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in ten sity  of th e  light d irectly  using a photodiode. The ep ifluorescence 
a p e r tu re  placed was se t to the  minimum requ ired  for illumination of th e  
a rea  u n d er s tu d y  to reduce the background fluorescence. T hroughout th e  
th e sis  Fluo-3 data a re  given e ith er as th e  ratio  of th e  change of th e  
fluorescence measured divided by th e  fluorescence in th e  re s tin g  cell, or 
simply as  th e  change in th e  fluorescence.

The low Âp (44pM) of F u rap tra  for calcium (Konishi e t  al, 1991) 
allowed calibration of the  fluorescence signal to free  calcium concentration . 
F igure  2.11 is the  emission sp ec tra  for F u ra p tra  a t fre e  calcium 
concentrations O-lOOOpM. However because F u rap tra  has an a ffin ity  for 
magnesium ions (Âp=5.3mM, Konishi e t  a l  1991) as well for calcium ions it 
is necessary  to consider the binding of F u rap tra  with magnesium ions 
p re se n t in th e  cytoplasm. The concentration of free  ionized magnesium in 
th e  axoplasm of the  squid axon was estim ated to be between 2-3mM (Baker 
and Crawford, 1972; Bringley and Scarpa, 1975). During experim ents with 
F u rap tra  th e  in tracellu lar patch p ipette  solutions contained 3mM MgSO^ as 
well as 3mM NaATP which is known to have a high affin ity  for magnesium 
ions (pK=4.1 a t 25°C and ionic s tre n g th  of 0.1, Martel and Smith, 1982). If 
it is assum ed th a t the  in tracellu lar magnesium concentration  was 
determ ined by th a t of th e  patch p ipette  due to dialysis of th e  cytosol 
du ring  th e  whole cell record ing , then  the  proportion of dye bound to 
magnesium would be 5% when the concentration of free  calcium was zero. 
F urtherm ore  the  proportion of unbound dye when [Ca^*] is increased  in 
a solution containing 500yM F urap tra , 3mM NaATP and 3mM MgS04 is not 
s ign ifican tly  d ifferen t in th e  presence or the absence of magnesium ions 
(see F igure 2.12 for an estim ate of the  e rro r) . Calibration of th e  
fluorescence signal req u ire s  knowledge of and for each cell, th a t 
is th e  fluorescence em itted when th e  concentration of free  ions in the  
cytoplasm was zero and sa tu ra tin g , respectively . This was d ifficu lt to 
obtain  fo r th e  cells in th in  slices. However since th e  re s tin g  fre e  calcium 
concentration  of neurones is less than  0.2pM th e  F u rap tra  fluorescence of 
th e  re s tin g  cell was used as an approximation to This, to g e th e r with 
th e  reduction  in the  proportion of free  dye due to  p resence of magnesium 
ions, re su lted  in the  underestim ation of calcium concentration  when the  
f re e  concentration  was less than  2pM, without significantly  a lte rin g  th a t 
of high concentrations (F igure 2.12).

In  o rd e r to obtain F^^^ concentration of fre e  calcium ions in the  
cytosol needed to be raised  to sa tu ra te  the  dye. This is usually  done with 
calcium ionophores such as  ionomycin or A23187 in the  p resence of high 
ex tracelluar calcium. This was d ifficu lt to do with P u rk in je  cells in slices 
because of mechanical d ifficu lty  in local application without losing th e  cell.
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Figure 2.12 Underestimation 
experimental conditions

of [Ca^*]j by F u rap tra  under the

Concentration of free calcium reported by F urap tra  in presence 
of magnesium ions was calculated using the procedure used for 
calibration of the experimental data (Estimated calcium) and is plotted 
against the  actual concentration of free calcium (True calcium). To 
calculate ’Estimated calcium’ it was assumed tha t F„^  ̂ was zero, F„. was

i i i d  X n i 111

the fluorescence of the dye when free calcium concentration was lOOnM, 
and th a t the solution contained 3mM NaATP, as well as 3mM MgSO .̂ The 
Kjj of F u rap tra  for calcium and magnesium were assumed to be 44pM and 
5.3mM respectively . A pk=4.1 was assumed for the affinity of ATP for 
magnesium ions.

Note that the  underestimation of free  calcium concentration is 
larger when the free  calcium concentration is low (Inset). However for 
concentrations of free calcium larger than IpM the ’Estimated calcium’ 
concentration is close to the ’True calcium’ concentration.
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th e  existence of diffusion b a rrie rs  limiting the  ex ten t of permeabilisation 
of th e  e n tire  cell. T herefore th e  calibration was done with excised 
cerebellar P u rk in je  cells which were whole cell voltage clamped and dye 
and caged InsP^ p re se n t in th e  patch p ipette  allowed to equilibrate with 
the  cell cytosol. A known concentration  of InsP^ was photolytically released 
and th e  change in th e  fluorescence emitted by th e  dye recorded. At th e  
end of th e  experim ent lOpM ionomycin, or lOpM A23187 in a calcium rich  
solution (2mM calcium chloride) was applied to th e  cells via the p re ssu re  
puffer (F igure 2.13). Although th is  resu lted  in a decrease in the F u rap tra  
fluorescence due to influx of calcium from the extracelluar solution into th e  
cytosol th ro u g h  th e  perm eabilised plasma membrane, maximum reduction in 
the  fluorescence was only achieved when membrane holding potential was 
sw itched betw een +200 and -200mV several times. The minimum fluorescence 
th u s  obtained, co rresponding  to sa tu ra tion  of th e  dye with calcium 
was not sign ifican tly  d iffe ren t from the  background fluorescence of th e  
cell. T herefore for calibration of th e  fluorescence signal recorded from 
cells in slices, where was not determ ined experimentally, th e
background fluorescence of each cell was considered as their F^^^.

The background signal was offset, the signal amplified, filtered with 
a time co n stan t of 4ms, and digitised together with the membrane c u rre n t 
by a CED 1401-plus analogue to digital converter. The accuracy of 
analogue to d ig ital conversion was examining by digitizing records of 
±20mV pulses applied to  th e  inpu t of the tape recorder. The maximum 
reduction  in th e  F u rap tra  fluorescence following the  pulse of UV light was 
m easured from th e  digitized data using CED softw are. Signal A verager 
(Cambridge E lectronic Design). The fluorescence change was su b trac ted  
from F^^^ to obtain  F, and was su b stitu ted  in equation (1) together with 
the  co rrespond ing  values of F^^^, F^^^, and to yield an estim ate of th e  
peak calcium concentration  du ring  each fluorescence tran sien t. For th is  th e  

of F u ra p tra  in  vivo  was assum ed to be th e  same as its  in v itro  
(44pM), a lthough  it is possible th a t the  ap p aren t affin ity  of the dye for 
calcium ions is la rg e r in vivo  than  in v itro  due to binding of the  dye to  
in trace llu lar p ro te ins (see Konishi e t al, 1991), resu lting  in th e  
underestim ation  of calcium concentration. This possibility was not 
investigated  in th ese  experim ents.

The a rea  under th e  calcium tra n s ie n t was estim ated by calculating 
th e  mean fluorescence du rin g  th e  tran sien t, calculating [Ca^^] from 
equation  (1) and m ultiplying by th e  duration  of the  transien t. This 
p robably  underestim ates th e  to tal mobilised calcium because the calcium 
concentration  was close to o r la rg e r than  th e  of the  dye. A more 
accu ra te  p rocedure  would have been to co n v ert each point of th e
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Figure 2.13 Use of excised Purkije  cells for calibration of F u rap tra  
fluorescence records

Figure  shows fluorescence measured from the  soma of an excised 
P u rk in je  cell patch clamped with a pipette  containing 200pM F u rap tra ,  
lOOpM caged InsP^, 3mM MgSO^, 3mM NaATP, 153mM K-Gluconate, and 
lOmM K-HEPES pH 7.2. Following obtaining whole cell configuration, 
F u ra p tra  and caged InsP^ diffused into the  cytosol (the sudden  increase  
in fluorescence record  is due to an improvement of the  access 
res is tance) .  After about 10 minutes no fu r th e r  increase  in the  
fluorescence signal was observed  (at th is  time equilibrium between the  
con ten ts  of patch p ipette  and cytosol was assumed). As an 
approximation, th is  value of the  signal was used as E^.^.

Following d ischarge  of th e  xenon a rc  lamp (150V) re leasing  an 
estimated 25pM InsP^, a r ise  in [Ca^*]. was detected as a decrease  in the  
F u ra p tra  signal. F^^^, the  fluorescence of F u rap tra  in s a tu r a t ing 
concentra tions  of free  calcium, was obtained by application of lOpM 
A23187 in p resence of 2mM CaCl^ via a p re s su re  puffer.
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fluorescence resp o n se  to  calcium concentration before in teg ra tion . The a rea  
u n d e r th e  c u r re n t tra c e  was digitized and in teg ra ted  d irec tly . Latency of 
th e  o n se t of fluorescence and c u rre n t responses were estim ated from 
reco rd s  digitized a t IkHz.
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Chapter 3
Càged L-glutamate
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3. C haracterisation  of ’caged’ glutam ate

Several photolabile analogues of L-glutam ate syn thesised  by Drs 
John Corrie, Yoshiki Katayama, Gordon Reed, and David Trentham  (Division 
of Physical Biochemistry, National In s titu te  for Medical Research, Mill Hill, 
London) were studied  to  estab lish  th e ir  su itab ility  as caged 
n eu ro tran sm itte rs  (F igure 3.1). From th e  compounds listed in F igure 1 only 
th e  f i r s t  compound, Â( 1, ( 2- n itrop  heny 1 ) -ethoxy car bony 1 ) - L- glutamate, 
sa tisfied  th e  pharmacological and photochemical p roperties  req u ired  from 
a caged neuro transm itter, although its  ra te  of photolysis un d er 
physiological conditions was too slow to  allow th e  s tu d y  of th e  ra te  of 
activation  of th e  g lu tam ate-gated-ion-channels. The principles and methods 
for charac terisa tion  of any caged neu ro tran sm itte r a re  similar to those 
deeribed  here, and th is  compound (h ereafte r re fe rre d  to  as caged 
glutam ate) was used to provide evidence fo r th e  role of L-glutam ate as a 
n eu ro tran sm itte r a t th e  squid  g ian t synapse. Details of the  sy n th esis  a re  
given in Corrie e t al, 1993. The experim ents to determ ine th e  ra te  and 
efficiency of photolysis was made by Dr David Trentham.

3.1. Photochemistry of A/(l,(2-nitrophenyi)-ethoxycarbonyl)-L-glutamate 
(caged glutamate)

F igure 3.2 outlines th e  reaction processes th a t caged glutam ate 
un d erg o es following a pulse of UV light in th e  pH range  5.5 to 8 , 
dem onstrating  th e  p resence of one ligh t and two dark reaction  s teps. 
During th e  light reaction th e  molecule ab so rb s photons and re a rra n g e s  to  
re lease  a proton and an acf-n itro  interm ediate. The ac/-n itro  interm ediate 
decays to  release 2-n itroso-acetophenone, th e  main photolysis byproduct, 
and a carbam ate which ab so rb s two pro tons to release L-glutam ate and 
carbon  dioxide.

The ra te  of formation and decay of th e  ac i-n itro  interm ediate was 
m easured by following th e  sp ec tra l changes a t  406nm (F igure 3.3). A 
solution a t 20”C containing (mM) 0.2 caged glutamate, 50 KCl, 2 
d ith io threito l, 100 MES a t pH 5.8 was placed in an absorbance 
spectrophotom eter linked to  a frequency  doubled ru b y  lase r (347nm) 
(Walker e t al, 1988), and photolysed with a pulse of light providing th e  
ra te  co n stan ts  k^>10^s"^ (fas te r  th an  th e  time resolution of th e  equipm ent) 
and k2=180s"\ The release of a proton in s tep  one, and th e  su b seq u en t 
abso rp tio n  of two protons a t  s tep  th re e  were monitored by record ing  th e  
spectrophotom etric changes of th e  proton indicator chlorophenol red  a t 
579nm (F igure 3.3). A solution containing (mM) 0.2 caged glutam ate, 100
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Photolabile Glutamate Analogue

CH3
COg

^HgCHgCOg
NH— CH

NOg

A/-[1-(2-N'rtrophenylethoxy)carbonyl]glutamate

CO2 

c 'h  .
"NH2— CH

^CHpCHpCOÔ
NOg

A/-(a-carboxy-2-nitrobenzyI)glutamate

CH3 COg

CH.  ̂ INH2 — CH
\cH 9C H oC O p

NOg

A/-[(2-nitrophenyl)ethyl]glutamate

COg

UboK J K ^ o, ^ h ĉh ĉo;

A/-(4,5-dimethoxy-2-nitrobenzyl)glutamate

COg—  CH

NH3— CH OCH-

OCH3

2̂
Glutamate a-(3',5’-dimethoxybenzoin ester)

F igure  3.1 The s tru c tu re  of photolabile analogues of L-glutam ate.

The s tru c tu re  of several photolabile analogues of L-glutam ate. Only 
the  compound on the  top of the  page satisfied  th e  c rite ria  req u ired  from 
a caged neu ro transm itte r, although its  ra te  of photolysis a t physiological 
pH is too slow.
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Figure 3.2 The equation describing the photolysis of caged glutamate.
Caged g lu ta m a te  a b so r b s  th e  en e rg y  o f  near-UV l i g h t  t o  r a p id ly  form  an a c i - n i t r o  
in te r m e d ia te  ( th e  l i g h t  r e a c t io n  s t e p ) ,  w h ich  d e c a y s  t o  form  a n i t r o s o k e t o n e ,  and 
a ca rb a m a te . The carbam ate d e c a y s  fu r th e r  t o  r e l e a s e  L -g lu ta m a te  and carb on  d io x id e  
( s e e  t e x t  f o r  d e t a i l s ) .



aci-nitro decay

A
406nm

20 ms

proton uptake

A
579nm 0.1

(chlorophenol I 
red) 1

B
40 ms

laser 
pulse

F igure  3.3 Kinetics of photolysis of caged glutamate.

The top tra ce  shows the absorbance spec tra l changes at 406nm 
of a solution a t  20"C containing (mM): 0.2 caged glutamate, 50KC1, 2 
d ith iothreito l, 100 MES at pH 5.8 irradiated  a t  the time indicated by 
the  arrow with a pulse of frequency doubled ruby  laser. Following 
the  pulse of light the  ac/-nitro  intermediate is formed rapidly (>10^s“ 
'), bu t decays more slowly (180s"' ). The release of one proton, and 
the  su b se q u e n t  up take  of two protons (see Figure 3.2) is 
dem onstrated  in the  lower trace  which is a record of the proton 
indicator chlorophenol red spectra l changes at 529nm. During the  
la ter experiment the  solution a t  20"C contained (mM): 0.2 caged 
glutamate, 100 KCl, 1 dithiothreitol, chlorophenol red (concentration 
a d ju s ted  to give A=0.75 a t 4mm pathlenght), and 1 mES a t  pH 5.8.
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F ig u re  3.4 The dependence on pH of th e  ra te  of photolysis of caged 
glutam ate.

The ra te  of decay of th e  ac i-n itro  in term ediate (k^, circles on th e  
g raph) is dependent on pH, increasing  10 fold with one pH u n it drop. 
The ra te  of photolysis of caged glutam ate is th a t of th e  ra te  of decay 
of th e  aci-n itro  interm ediate above pH 5, and is limited by th e  ra te  of 
decay of the  carbam ate (step  3) below pH 5 (filled square).
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KCl, 1 d ith io threito l, chlorophenol red  (A=0.75, 4mm path cell), and 1 MES 
ad ju sted  to pH 5,8 was placed in th e  described  apparatus. Following the  
pulse of UV lig h t the  indicator detected rapid  release of protons followed 
by a slower absorp tion  with a proton-stoichiom etry of one H* release to  
two H* up take  as expected from the  photolysis equation. From the  
spectrophotom etric change of chlorophenol red  the ra te  constan t of the  
absorb tion  of th e  protons appeared to be th e  same as th a t of th e  decay 
of th e  ac i-n itro  interm ediate, indicating th a t k^>kg with k^ as th e  ra te  
limiting step . The decay of th e  aci-n itro  interm ediate was pH dependent 
and F igure 3,4 dem onstrates th e  proportionality  of the  ra te  constan t k^ 
with pH, The ra te  constan t of proton uptake matched th a t of the  aci-n itro  
interm ediate decay above pH 5, however, proton uptake was biphasic below 
pH 5; th e  fa s t phase resembled th a t of the  aci-n itro  interm ediate decay 
and was a ttr ib u te d  to H* uptake in step  2 , and the slow phase was 
associated with s tep  3 (filled sq u are  in F igure 3.4).

3.2. Pharmacology of caged glutam ate

Whole cell patch clamp record ings from cerebellar granule cells were 
utilized to investiga te  the  efficiency of the protective group in reducing 
th e  potency of caged glutamate a t the  glutamate activated ion-channel 
recep to rs . These cells express L-glutam ate activated  ion channels (Cull- 
Candy and Ogden, 1985) of th e  NMDA and a t least two non-NMDA types 
(CuH-Candy e t  al, 1988; Howe e t al, 1988, 1991; Wyllie e t al, 1992), The 
re la tiv e  potency of caged glutam ate to L-glutam ate a t NMDA and non-NMDA 
recep to rs  was estim ated. Ideally th is  is achieved by comparison of the log 
dose-response  cu rves of th e  compounds under s tudy . In o rder to 
determ ine log -dose-response  cu rves several concentrations of glutamate 
and caged-glu tam ate would need to be tested  on the same cell, because the  
maximum dru g -in d u ced  conductance v ary  from cell to cell. However 
desensitisa tion  of th e  recep to rs  and sh o rt duration  of individual whole cell 
reco rd in g s p reven ted  elaborate experim ental design. An a lte rna tive  
experim ental protocol based on the  comparison of the  minimum 
concentration  of ligands effective in producing a detectable response was 
implemented (see appendix 2 for a mathematical treatm ent). This took 
advan tage  of th e  fac t th a t cerebellar granule cells a re  small spherical cells 
(5-10 pM in diam eter) with a simple bipolar s tru c tu re  which a re  efficiently 
voltage clamped (Cull-Candy e t al, 1985) and in the  whole cell configuration 
activation  of sing le  glutam ate channels can be easily resolved (Cull-Candy 
e t al, 1988). The effective block of th e  NMDA recep to rs  with ex tracellu lar 
magnesium ions a t  hyperpolarised  membrane potentials (Nowak e t  al, 1984)

78



was used  to selectively record  from th e  non-NMDA or both NMDA and non- 
NMDA recep to rs . Minimum concentration of L-glutam ate needed to  produce 
activation  of glutam ate gated channels in th e  absence and p resence of 
2.5mM extracellu lar Mg^* ions was compared to  th a t of ImM caged glutam ate 
to yield th e  low concentration potency of the  two compounds. In  th e  
absence of magnesium block of the  NMDA channels, activation of glutam ate 
gated channels was detected in whole cell voltage clamped granu le  cells 
(holding potential -70mV) with 125nM bu t not 60nM L-glutam ate (F igure
3.5). In  th e  p resence of magnesium a much higher concentration, 50pM L- 
glutam ate, was needed to produce activation of the channels. Application 
of solutions containing 1 mM caged glutam ate seldom resu lted  in the  
activation  of an ion channel in the  absence of 2.5mM Mg^* ions (F igure
3.6), and  never in the  p resence of Mg^  ̂ ions. I t was concluded th a t 
compared to L-glutam ate, caged glutam ate is a t least 10000 times less 
po ten t a t th e  NMDA, and a t least 50 times less potent a t th e  non-NMDA 
recep to r sites.

The possibility  th a t addition of th e  protective group to  L-glutam ate 
had resu lted  in a compound with potency as an an tagonist a t th e  glutam ate 
s ites  was examined. L-glutam ate (50pM) was applied to th e  cells via the  
perfusion  in absence of ex ternal magnesium ions and the  effec t of puffer 
application of a solution containing 50pM glutamate and ImM caged 
glutam ate on th e  sustained  response was examined. No altera tion  in the  
responses were detected  (F igure 3.7) indicating th a t ImM caged glutam ate 
did not block th e  NMDA recep to r-channel site . Block a t the  non-NMDA sites  
was s tud ied  by comparing the  response of the  cells to rap id  application 
of L-glutam ate in th e  presence and absence of 1 mM caged glutam ate. No 
change in the  am plitude or kinetics of th e  response was observed .

The experim ents outlined above examined the  potency of ImM caged 
glutam ate as an agonist or an tagon ist a t the  glutam ate activated  ion- 
channel sites. No attem pts were made to investigate  the  action of caged 
glutam ate on glutam ate ’m etabotropic’ recep to rs  or the  glutam ate up take 
s ites . Such experim ents should be ca rried  ou t if caged glutam ate is to be 
used in p repara tions where functional ’m etabotropic’ recep to rs  exist, or 
when caged glutam ate is used to s tu d y  synap tic  processes in s itu  where 
u p take  of glutam ate by glial cells and neurones plays an im portant role in 
m aintaining the  ex tracellu lar glutamate a t low concentrations (Hertz, 1979). 
The possible actions of caged glutam ate on th e  glutam ate up take system  
can be investigated  by tak ing  advantage of th e  stoichiom etry of glutam ate 
up take. During each cycle of the  tra n sp o r t system  a t least two sodium ions 
a re  co tran sp o rted  into th e  cytosol with a glutam ate molecule, and a 
potassium  ion and possibly bicarbonate ion is ex truded  ou t of the  cell
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Glutamate

100 ms

F ig u re  3.5 Effect of 125nM L-glutam ate on th e  whole cell conductance of a 
g ran u le  cell.

125nm L-glutam ate was applied via a p re ssu re  puffer a t th e  time 
indicated  by th e  arrow  to a voltage clamped (-70mV) cerebellar g ranu le  cell 
in prim ary cu ltu re . The ex ternal solution did not contain any  Mg^* ions.

Caged glutamate
<
Q.
in

50 ms

F igu re  3.6 E ffect of ImM caged glutam ate on th e  whole cell conductance of 
a  g ran u le  cell.

ImM caged glutam ate applied via a p re ssu re  p u ffer did not re su lt in 
th e  activation  of multiple glutam ate gated ion channels. The reco rd  shows 
th e  whole cell conductance of a voltage clamped cerebellar g ranu le  cell in 
a  solution with no added Mg^* ions.
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(Stallcup e t  al, 1979; Barbour e t al, 1988; Bouvier e t al, 1992), re su ltin g  in 
a n e t influx of positive charges easily  detectable as an inward c u rre n t 
with a whole cell patch p ipette  (Brew and Attwell, 1987). Design of 
experim ents to s tu d y  the  possible actions of caged glutam ate on th e  
’m etabotropic’ recep to rs  is more difficult due to th e  ill-defined 
physiological processes activated  by th ese  receptors.

3.3. Pharmacology of th e  byproduct, 2 -n itroso-acetophenone

I t is im portant to ch arac te rise  th e  pharmacology of th e  photolysis 
in term ediates and the  photolysis byproduct, 2-n itroso-acetophenone, since 
th ey  a re  formed and released concu rren tly  with L-glutam ate following th e  
pulse of UV light, a fact th a t also makes th e ir  s tu d y  difficult. An 
a lte rn a tiv e  approach was th ere fo re  th e  use of 1- ( 2-n itro p h en y l)e th y l 
phosphate , (caged phosphate), which with the  same photolytic efficiency 
as caged glutam ate photolyses to form the  same in term ediates and 
n itrosoketone with in e rt phosphate (Walker e t al, 1988). Caged phosphate 
(1 mM) was added to the solution bathing the  granule cells and photolysed 
(1 ms pulse, 300-350nm, 100 mJ) in th e  absence of any  added magnesium 
w ithout a lte rin g  th e  cell conductance (data not shown). I t was concluded 
th a t th e  photolysis interm ediates and byproducts of ImM caged phosphate 
did not posses any glutam atergic potency. To te s t w hether th e  byproduct 
in te rfe red  with th e  activation of ion-channels by L-glutam ate 2mM caged 
phosphate  was applied with the  puffer together with 50pM L-glutam ate onto 
the  cells and responses recorded . A m ercury lamp (300-350nm, IW) was 
used to produce continuous photolysis of caged phosphate and the  
response  of th e  cells to rap id  application of glutam ate and th e  released 
b y p ro d u c ts  was compared to those obtained previously. No change in th e  
resp o n se  was observed, indicating th e  lack of action of th e  photolysis 
by p ro d u ct on th e  glutam ate activated  ion-channels.

The possible actions of th e  released  nitrosoketone and th e  photolysis 
in term ediates on th e  glutam ate ’m etabotropic’ recep to rs  or th e  glutam ate 
up tak e  s ite  was not tested .

3.4. Photolysis of caged glutam ate

The p ercen tage photolysis of caged glutamate un d er our experim ental 
conditions was determ ined by flashing a  lOpl drop of ImM caged glutam ate 
on th e  microscope s tage with full ligh t in tensity  (300-360 nm, 100 mJ), and 
estim ating th e  concentration of glutam ate released with rev e rsed  phase
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F igure 3.7 ImM caged glutam ate did not block th e  NMDA recep to rs .

SOjiM L-glutam ate was applied to  a voltage clamped cerebellar granule 
cell in prim ary cu ltu re  via th e  bath  perfusion in th e  absence of Mg ions. 
P uffer application of ImM caged glutam ate (indicated by th e  bars) did not 
a lte r  th e  su sta in ed  response. Since the  m ajority of c u rre n t during  the  
susta ined  response  was as  th e  re su lt of activation of th e  NMDA channels, 
it was concluded th a t ImM caged glutam ate was ineffective as a NMDA 
channel blocker.
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HPLC*. Using th is  method th e  photolysis yield was estim ated to be 35.6% 
similar to th a t of caged ATP, and high enough to allow for its  use  in 
physiological p reparations.

F reshly  dissociated dorsal root ganglion cells were used in addition 
to cerebellar g ranule  cells to s tu d y  th e  kinetics of photolysis of caged 
glutam ate. These cells express functional non-NMDA recep to rs  activated  by 
kainate and quisqualate during  th e ir  f ir s t  few days in cu ltu re  (H uettner, 
1990) and produce a much la rg er c u r re n t in response to  application of 
glutam ate (approximately -120 pA a t -70 mV) compared to  cerebellar 
g ranule cells (approximately -40 pA a t -70 mV). Following the  establishm ent 
of whole cell record ing  the  ex ternal solution was changed to one containing 
ImM caged glutam ate and a pulse of UV ligh t was delivered to re lease 
400pM L-glutam ate. In 19 cells out of 24 an inward c u rre n t was detected  
following a pulse of UV light (F igure 3.8). All 24 cells, however, produced 
a response  when 50pM L-glutam ate was applied to them with th e  puffer. 
I t is possible th a t du ring  experim ents on th e  5 cells th a t did not respond 
with th e  UV pulse th e  flash lamp was miss-aligned. Six dorsal root 
ganglion neurones were chosen for kinetics analysis. These cells were not 
exposed to L-glutam ate prior to th e  UV pulse and th ere fo re  no 
desensitisation  of th e  glutam ate recep to rs  could have occurred . In th ese  
cells th e  peak c u rre n t occurred  a fte r  107ms (mean, range 78-137 ms), with 
a half time of 52ms (mean, range 35-80 ms). In the  same cells th e  time 
taken to  obtain a maximal response with puffer application of 50pM 
glutam ate was 14.7 ms (mean, range 5-30 ms).

3.5. Discussion

I t  is clear from th e  experim ents described  th a t although N{1,{2- 
n itrophenyl)-ethoxycarbonyl)-L -g lu tam ate satisfied  many of the  c r ite ria  
req u ired  for a caged neuro transm itte r its  ra te  of photolysis a t 
physiological pH was too slow to allow th e  s tu d y  of ra te  of recep to r 
activation  and th e  p rocesses involved in synap tic  transm ission. To be of 
use, a lte rn a tiv e  photolabile analogues of L-glutam ate need to be 
syn thesised  with a fa s te r  ra te  of photolysis. Experiments to  be described  
in the  following chap ter, however, will dem onstrate th e  use of caged

Glutamate was separa ted  using  rev e rse  phase HPLC (Microsorb C18 
ODS) and  was detected  using UV fluorim etry  (360/470nm). The mobile phase 
was isocratic, and contained 80% 75mM KH^PO  ̂ buffer and 20% methanol a t 
pH 5.58. The sample was derivatised  by th e  addition of equal volume of 
opthaldehyde/m ercaptopropionic acid and 50pl of th e  mixture was in jected  
autom atically (Gilson 231 au to in jecter) a f te r  1 minute. The amount of 
glutam ate was calculated from a previously  obtained s tan d ard  curve.
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F igure 3.8 Photolytic re lease  of L-glutam ate.

The lower tra ce  shows the  c u rre n t of a whole cell voltage clamped 
cerebellar g ranu le  cell bathed in an  extracellu lar solution to which ImM 
caged glutam ate was added. At th e  time indicated by the  arrow  400pM L- 
glutam ate was photolytically released resu ltin g  in th e  activation  of the 
glutam ate activated  ion channels. The inward c u r re n t reached its  maximum 
in 100ms. The top tra c e  shows application of L-glutam ate to  ano ther voltage 
clamped g ranu le  cell via th e  p re ssu re  puffer. Note th e  d ifference in th e  
time scales.
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glutam ate w here th e  ability of th e  p repara tion  to  w ithstand acidic pH was 
exploited to  increase the  ra te  of photolysis. U nder th ese  conditions th e  
rap id  application of L-glutam ate a t th e  squid  gian t synapse  by photolysis 
of caged glutam ate resu lted  in th e  production of action potentials a t  th e  
3rd o rd e r fib re , a phenomenon which had not been possible to  dem onstrate 
by o th er means due to presence of diffusion b a rrie rs , su p p o rtin g  th e  
pharmacological evidence for L-glutam ate as a neu ro transm itte r.
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Chapter 4
Glutamate a t the squid giant synapse
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4. L-Glutamate as the neurotransmitter at the squid giant synapse

Synchronous activation of th e  motor axons innervating  th e  muscle 
in th e  mantle of th e  squid im part fa s t je t  propulsion to th e  squid. One se t 
of th e se  motor axons consist of about ten  th ird -o rd e r  g ian t axons (Martin 
and Miledi, 1986) which o rig inate  in th e  ste lla te  ganglion (Young 1938), and 
receive  th e ir  inpu t th ro u g h  a single preganglionic nerve, th e  second-o rder 
g ian t f ib re  (Young 1939). The ’g ian t synapse’ re fe rre d  to in th is  ch ap te r 
is th e  synapse  of th e  last b ranch  of th e  second-o rder axon with th e  most 
medial and th ick est of th e  th ird -o rd e r  fib re . The g ian t synapse is over 
1mm long (Martin and Miledi, 1986), and F igure 4.1, Young’s drawing of the  
sy n ap se  (Young, 1973), dem onstrates the  complex s tru c tu re  of th is  synapse; 
num erous postsynap tic  p rocesses p en e tra te  a tig h t shea th  to make 15000 
functional contacts with th e  p resynap tic  f ib re  (Martin and Miledi, 1986) 
with th e  synap tic  c lefts  only 12nm wide (Martin and Miledi, 1986).

The n a tu re  of th e  neu ro transm itte r a t th is  synapse  is not ye t 
estab lished  with ce rta in ty . The s tro n g es t candidate, L-glutam ic acid, was 
proposed to be a neu ro transm itte r due to its  depolarising actions (Miledi, 
1967). However close postsynap tic  application of L-glutam ate by 
ionophoresis, or by bath  application of L-glutam ate o r glutam ate agonists 
fail to  elicit action potentials and re su lt only in slow, weak depolarisation 
of th e  postsynap tic  membrane (Miledi, 1967, 1969; De Santis e t al, 1975; 
Adams and Gillespie, 1988; De Santis and M essenger, 1989). This is 
a ttr ib u te d  to th e  complex s tru c tu re  of the  synapse; diffusion of externally  
applied ag en ts  into th e  synapse  is slow resu ltin g  in desensitisation  of the  
p ostsynap tic  recep to rs  and a postsynap tic  potential r ise  too slow to 
d isch arg e  action potentials. F u rth e r evidence in su p p o rt of L-glutam ic acid 
as th e  endogenous neu ro tran sm itte r is th a t continued soaking of the 
s te lla te  ganglion in solutions containing L-glutam ate re su lts  in the  
blockade of tra n sy n ap tic  transm ission (Kelly and Gage, 1969), presum ably 
due to  desensitisation  of th e  recep to rs  involved in synap tic  transm ission. 
F urtherm ore specific non-NMDA an tagon ists  of g lu tam ate-gated  ion channels 
such  as  th e  sp id er toxins JSTX or argiotoxin^^g (Kawai e t al, 1983a; 1983b; 
K erry e t  al, 1988; De Santis and M essenger, 1989), and quinoxalinediones 
CNQX, DNQX (De Santis and M essenger, 1989) a re  able to block synap tic  
transm ission  and L-glutam ate induced depolarisation. A ntagonists of the  
NMDA channels do not block e ith e r th e  postsynap tic  potentials nor 
glutam ate induced depolarisations (De Santis and M essenger, 1989) and it 
is th o u g h t th a t th e  channels activated  by glutam ate a t th e  s te lla te  
ganglion may be similar to those found a t th e  locust (Anwyl, 1977; Bateman 
e t  al, 1985) and c ray fish  (Dekin, 1983) neurom uscular junction .
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Figure 4.1 The giant synapse

Young’s draw ing of the  giant synapse (Young 1973) 
dem onstrating  th e  complex s tru c tu re  of th is  synapse. Numerous 
po stsy n ap tic  processes p en e tra te  a tig h t sheath  to make 15000 
functional con tac ts  with the  p resy n ap tic  fibre.
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The main difficulty  for th e  role of glutam ate as th e  endogenous 
n eu ro tran sm itte r is th e  th a t th e  re v e rsa l potential of depolarisations 
evoked by glutam ate is d iffe ren t to  th a t of the  postsynap tic  potentials 
(Miledi, 1969; Llinas e t al, 1974); th e  postsynaptic  potentials rev e rse  a t a 
membrane potential of +13-40 (Miledi, 1969), o r +18-25mV (Llinas e t  al, 1974) 
though  th a t  of glutam ate induced depolarisation rev e rse  a t more negative 
potentials, -22mV (Miledi, 1969), -30mV (Eusebi e t  al, 1985) or -36mV (Adams 
and Gillespie, 1988). The possible explanation for th e  d iffe ren t rev e rsa l 
po ten tials obtained by various experim enters and th e  d iscrepancy  between 
th e  re v e rsa l potential of glutam ate induced depolarisations and th e  
tra n sy n a p tic  potentials may be th a t th e re  is a considerable voltage 
varia tion  in th e  postsynap tic  membrane due to th e  complex s tru c tu re  and 
considerab le  size of the  gian t synapse  (Miledi, 1969; Dekin e t al, 1983; 
Adams and Gillespie, 1988; M essenger e t al, 1992). I t  should be noted th a t 
th e  only o th e r contender as the  endogenous neu ro transm itte r a t th e  g iant 
synapse , acetylcholine, (Webb e t  al, 1966; Stanley, 1983) was shown to 
in crease  th e  membrane perm eability to a chloride channel and th ere fo re  is 
not th e  excita to ry  neu ro transm itter (Stanley, 1984).

The complex s tru c tu re  of th e  g ian t synapse  has resu lted  in failu re  
of sev e ra l methods which have attem pted to ab ru p tly  apply  L-glutam ate to 
th e  sy n ap se  to te s t  w hether it can elicit postsynaptic  action potentials. 
Experim ents rep o rted  here were designed to bypass th e  to rtu o u s access 
paths to  th e  sy n ap tic  cleft; the  s te lla te  ganglion was soaked in a solution 
containing caged glutamate, allowing th e  compound to equ ilib ra te  with the  
synapse , and L-glutam ate was rap id ly  released In s itu  by flash  photolysis. 
The ab ility  of L-glutam ate released ab ru p tly  in th e  g iant synapse  to elicit 
po stsy n ap tic  action potentials a re  d iscussed .

4.1. Depolarisation of the giant synapse with photolytic release of L- 
glutamate at pH 7.8

S ynaptic  transm ission was dem onstrated in th e  excised stella te  
ganglion by stim ulating th e  palliai n erve  stum p a t 10 times th resho ld  
voltage and record ing  postsynap tic  potentials with a m icroelectrode 
in se rted  close to th e  synap tic  region in th e  most medial th ird  o rd e r g ian t 
fib re . The pH of th e  solution was controlled with 50mM HEPES a t pH 7.8 
and when s tab le  transm ission was estab lished , caged L-glutam ate dissolved 
in a rtific ia l seaw ater was added to th e  bath  to make a final concentration 
of 5-40mM. The postsynap tic  action potential was monitored a t 5 min 
in te rv a ls  d u rin g  a 20-40min incubation allowed for diffusion of the  caged 
glutam ate in to  th e  synap tic  region. Synaptic transm ission was stab le  and
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Figure 4.2 Postsynaptic activation by photolytically released glutamate at 
pH 7.8.

The s te lla te  ganglion was p re-equ ilib ra ted  for 40 m inutes with an 
artific ia l seaw ater containing 20mM caged glutam ate a t pH 7.8, A full 
in ten sity  flash  (lOOmJ) produced a 20 mV depolarisation (panel a) of th e  
postsynap tic  cell with slow onset (halftime 60ms) and long du ra tion  (1.6s). 
T ransynap tic  stim ulation produced an action potential (panel b) about 1 
minute a f te r  th e  photolytic re lease  of glutam ate shown in panel a.
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was not affected by th e  p resence of caged glutamate. A fter 40min 
equilibration  in 20mM caged glutamate re lease  of about 5mM fre e  glutam ate 
produced a 20mV depolarisation of th e  postsynaptic  cell with slow onset 
(halftime 60 ms) and long duration, 1.6s (F igure 4.^a). The size of th e  L  
depolarisation was much smaller than  th a t seen with electrical stim ulation 
of th e  p resy n ap tic  terminal in p resence of TTX (Miledi, 1969), perhaps 
because th e  slow release of glutam ate a t th is  pH resu lted  in th e  
desensitization  of th e  glutamate recep to rs , and the  slow change of potential 
favoured  inactivation of th e  Na* conductance. Normal tra n sy n ap tic  action 
potentials were generated  a fte r  photolysis once the depolarisation had 
subsided  (F igure 4.:jlb). The possibility th a t desensitization of glutam ate 2/  

recep to rs  occured was te ts ted  by fy r th e r  photolytic re lease of glutam ate 
a t  th e  plateau of th e  glutam ate-evoked depolarization. This produced no 
fu r th e r  depolarization (data not shown), even though about 75% of th e  
caged glutam ate was still available for photolysis. T ransynaptic  activation 
was also su p p ressed  during  the glutam ate depolarization (data not shown), 
by  recep to r desensitization  or inactivation of the  action potential. The slow 
depolarization with release from caged glutam ate a t pH 7.8 is similar to 
th a t  seen  with ion topheretic  application of L-glutam ate and o th er glutam ate 
recep to r agonists to th e  synapse (Miledi, 1967, 1969; De Santis and 
M essenger, 1989), although iontophoresis from a m icroelectrode has the  
additional problem of not uniformly activating  contacts over th e  whole 1mm 
len g th  of the  sy n ap se  (Martin and Miledi, 1986).

4.2. Action potential d ischarge a t th e  g ian t synapse  with Photolytic re lease  
of L-glutam ate a t  pH 5.5

In acid conditions glutamate release  from caged glutam ate is faste r; 
a t  pH 5.5 the  ra te  of photolysis is about 200 times th a t a t pH 7.8 (F igure 
3.4) and is 9 5 s " a t  16°C in artificial sea w ater. The ra te  is 0.37 times th a t 
shown a t pH 5.5 in F igure 3.4 because of th e  increased ionic s tre n g th  and 
lower tem peratu re  (McCray and Trentham , 1989). In s tro n g ly  buffered  sea 
w ater (50mM MES o r 2 -phosphoglycerate) tran sy n ap tic  activation  of th e  
ganglion was well maintained a t pH 5.5. F igure 4.3a shows postsynap tic  
action  potentials elicited by p resynap tic  stimulation 19min a f te r  replacing 
th e  solution around  the  ganglion with seaw ater containing 33mM caged 
glutam ate a t pH 5.5. After 20min in caged glutam ate with re lease  of an 
estim ated 9mM L-glutam ate in the  synapse  th e  postsynap tic  fib re  
depolarized with a half time of 10ms and generated  a tra in  of 5 action 
po ten tia ls, shown on a fa s t timescale in F igure 4.3b. The f ir s t  action 
po ten tia l was identical in am plitude to single sp ikes elicited
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Figure 4.3 Photolytic release of glutamate at pH 5.5.

Synaptic transm ission was unaffected when the  s te lla te  ganglion was 
soaked in an artific ia l seaw ater containing 33mM caged glutam ate a t pH 5.5. 
Panels (a) and (c) show postsynap tic  action potentials evoked 
tran sy n ap tica lly  before and a fte r  photolysis. Panel (b) shows action 
potentials evoked on photolytic release  of 9mM L-glutam ate from caged 
glutam ate equ ilib ra ted  for 20 minutes. At 16^C in artific ial seaw ater 
(1=0.68M) photolysis ra te  constan t is 135s"\ Panel (d) shows a sub th resho ld  
depolarisation elicited by a weaker flash  releasing about 3mM L-glutam ate.
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transynap tica lly . S ubsequent am plitudes declined as th e  depolarization was 
maintained and th e  action potential mechanism accommodated, and failed 
a f te r  th e  fifth  spike. Once the  fib re  had repolarised a full am plitude 
tra n sy n a p tic  action potential could be elicited (F igure 4.3c). Fig.3d shows 
th e  depolarization a fte r  a weaker flash, releasing about 3mM L-glutam ate, 
when th e  ra te  of change of concentration was too small to  elicit an action 
potential, though a sub seq u en t full in tensity  flash did. These re su lts  show 
th a t  L-glutam ate released quickly a t the  g iant synapse  is able to  genera te  
a la rg e  depolarization fa s t enough to elicit action potentials in the  
p ostsynap tic  fibre.

4.3. Discussion

To te s t a pu ta tive  tran sm itte r more rigorously  and obtain information 
on mechanisms of postsynap tic  processes, an ideal experim ent would be one 
in which photolytic application of tran sm itte r can mimic precisely  th e  form 
of th e  synaptic  potential. In the  giant synapse  the postsynaptic  potential 
evoked by tran sy n ap tic  stimulation rises  in 1ms and declines in a fu r th e r  
5ms (Miledi, 1967). In co n tras t the  depolarisation following photolytic 
re lease  of glutam ate a t pH 5.5 rises  in 10-20 ms and declines in about Is. 
The slow rise  can be a ttrib u ted  to the  ra te  of photolysis of the  cage and 
it is clear th a t an a lte rn a tiv e  photolabile analogue of L-glutam ate with 
fa s te r  kinetics a t physiological pH is requ ired . The slow decline when 
compared with the  synap tic  potential, and the  firing  of several ra th e r  than  
a single action potential, a re  probably due to th e  diffuse photolysis of 
caged glutamate within th e  ganglion, resu lting  in activation of recep to rs  
ou tside  th e  area of synap tic  contact, for example in the  numerous 
postsynap tic  g iant fib re  cell bodies. By co n tra s t a f te r  normal p resynap tic  
re lease, tran sm itte r is localized in the  synap tic  cleft and most likely 
removed by diffusion and up take into su rround ing  neural and glial tissue. 
T herefore  fu r th e r  experim ents during  which th e  area  of photolysis is 
re s tr ic te d  only to  the  synap tic  region need to be carried  out. The 
technical requirem ents of such  an experim ental ap p ara tu s  will be discussed  
in ch ap te r 6.

The generation of postsynap tic  action potentials by rapid  application 
of L-glutam ate in th e  synap tic  cleft is fu rth e r  evidence supporting  its  role 
as a neu ro transm itte r a t th e  squid gian t synapse. However to confirm th is  
hypo thesis  it should be shown th a t glutam ate is p re sen t a t ap p ro p ria te  
levels in synap tic  vesicles a t the  pre-axon, and th a t it is released upon 
stim ulation of th e  pre-axon as shown a t th e  cray fish  neurom uscular 
ju n c tio n  (Kawagoe, 1981). Furtherm ore using th e  a r te ria l perfusion
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techn ique  (Stanly and Adelman, 1984), which partia lly  overcomes th e  
d ifficu lty  for applied compounds to diffuse to  th e  synap tic  region, 
q u an tita tiv e  experim ents should be done to  compare th e  blockade of 
tra n sy n a p tic  action potentials with selective glutam ate an tagon ists  with th e  
depolarisation induced by perfusion of glutamate, or action potentials 
produced by photolytic re lease of glutam ate from a fa s te r  caged glutam ate.
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Chapter 5
Functional Properties of InsPj receptors in neurones
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5. Photolytic release of InsP^ in cultured neurones

Experim ents were made to examine w hether InsP^ released 
in tracellu larly  in neurones could a lte r [Ca^*]., and if so to determ ine the  
concentra tion  ran g e  a t which InsP^ was effective, and to  in v estig a te  its 
mechanism of action and effec ts  on th e  membrane excitability .

Neurones from prim ary explant cu ltu res  were whole cell voltage 
clamped a t a holding potential of -70mV with a patch p ipe tte  containing 
200pM Fluo-3 and lO-lOOpM caged InsP^. The in tracellu lar patch p ipe tte  
solution was allowed to eq u ilib ra te  with th e  cell, and the  av erag e  somatic 
in trace llu la r free  calcium ion concentration  was monitored by m easuring the 
fluorescence em itted from th e  cell body. A 1ms pulse of n ear UV light was 
used to  produce photolytic release of InsP^ in th e  cytosol. The ex ten t of 
photolysis was estim ated with the  calibration  p rocedu re  described  in 
ch ap te r 2. InsP^ released in tracellu larly  did not re su lt in a change of the  
fluo rescence  em itted by th e  dye in th e  cytosol of cerebe lla r g ranu le  cells, 
hippocam pal or s tr ia ta l neurones o r^ R G ^ w ith  concen tra tions of InsP^ as 
high as 40pM (n>30 for each cell type, data  not shown).

As a control experim ent changes in [Ca^*]j were made by activating  
voltage gated calcium channels with 500ms depolarisations from the  holding 
potential of -70mV to 0 or +30mV and monitoring the  fluo rescence  emitted 
by th e  indicator. A tra n s ie n t rise  in the  fluorescence was detec ted  during  
depolarisa tion  (F igure 5.1). The fac t th a t the  experim ental a p p ara tu s  
de tec ted  a change in the  fluorescence em itted by the  dye d u rin g  calcium 
influx, and th a t no change was seen following th e  photolytic re lease  of 
InsPg, it is concluded th a t in tracellu lar re lease  of InsP^ did not re su lt in 
a lte ra tio n  of [Ca^^]j in th ese  neurones.

Experim ents w ere made to examine w hether the  w ash-ou t of an 
in trace llu la r component via th e  patch p ip e tte  during  whole cell reco rd ings 
was responsib le  for the  lack of calcium mobilisation evoked by InsP^ in 
cu ltu red  neurones. The membrane u n d er th e  cell a ttached  patch  p ipette  
was perm eabilized by a-toxin following th e  p rocedure  described  in ch ap te r 
2, allowing the  in troduction  of caged InsPg and Fluo-3 into th e  cytosol 
while re s tr ic tin g  wash ou t of in tracellu lar p ro te ins la rg e r than  lOOOD. 
Hippocampal (n=3), s tr ia ta l (n=5), and DRG neurones (n=13) examined with 
th e  p e rfo ra ted  whole cell voltage clamp technique showed no calcium 
mobilisation following photolytic re lease  of 40pM InsP^, ind icating  th a t wash 
o u t via th e  patch  p ip e tte  of an in tracellu lar pro tein  was not th e  reason, 
or th a t  a molecule sm aller th an  lOOOD was im portant. The inab ility  of InsP^ 
to mobilise calcium from in tracellu lar s to re s  was seen with p ip e tte  solutions 
contain ing  50pM GTP, o r an A T P -regenerating system , ind icating  th a t
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Figure 5.1 The change in the Fluo-3 Fluorescence with depolarisation.

Fluo-3 fluorescence emitted from th e  soma of a voltage clamped 
hippocampal neurone in prim ary explant cu ltu re . The bar re p re se n ts  a 
500ms s tep  in th e  membrane potential from -70mV to +30mV.

0.3|j M InsPa

0.7jjM InsPa

UV Pulse

Figure 5.2 Calcium mobilisation by InsP^ released photolytically in an 
astrocyte.

Fluo-3 fluorescence change following photolytic re lease  of 0.3 and 
O.TpM InsPg in the  cytosol of an as tro cy te  in cerebellar prim ary cu ltu re . 
The cell was voltage clamped a t -40mV.
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reduction  in th e  concentration of th ese  compounds due to d ialysis via th e  
patch p ipette  was not responsible for th e  lack of response.

5.1. Calcium mobilisation evoked by InsPg in astrocytes in culture

A strocytes from the  same prim ary explant cu ltu res  of hippocam pus, 
striatum , and th e  cerebellum were used to  investigate  calcium mobilisation 
by InsPg with th e  same procedures used  for neurones. In all th e  cells 
tested  InsPg a t concentrations h igher th an  0.3pM (n= ll) released  calcium 
from in tracellu lar s to res  in the  p resence (figure 1) or absence (no added 
calcium, 0.5mM EGTA) of external calcium. The latency of th e  onse t of the  
fluorescence change a t 0.3pM was abou t 300ms and decreased  with 
increasing  concentration of InsP^ (130ms with O.TpM in F igure 5.2) so th a t 
a t high concentrations (about 5pM) th e  latency was less th an  25ms. 
Increasing  th e  concentration of InsP^ also resu lted  in an increase  in the  
ra te  of rise  of th e  fluorescence which was due to a g rea te r  efflux of 
calcium ions from th e  in tracellu lar s to res  (F igure 5.2), assum ing no change 
in th e  ra te  of removal of calcium. During the  experim ents a s tro cy te s  were 
voltage clamped a t -40mV. At th is  potential no consisten t change in 
membrane conductance was observed following calcium release evoked by 
InsPg. I t  should be noted th a t calcium mobilisation by InsP^ was seen in 
a s tro cy tes  from th e  same cu ltu res th a t had non-responsive neurones.

The mechanism of action of InsP^ in as tro cy tes  was not s tud ied  in 
detail because of the  difficulty in identification and classification of 
a s tro cy tes  in tissu e  cu ltu re . N evertheless the  increased efflux of calcium 
ions from the s to re s  indicated by the  ra te  of r ise  of fluorescence, and th e  
decreased  delay of the  r ise  of th e  fluorescence signal a t h igher 
concentrations of InsPg in a s tro cy tes  a re  consisten t with th e  d irec t 
activation of a calcium permeable channel on th e  membrane of th e  
in tracellu lar calcium sto res  by InsP^. Furtherm ore th e  ran g e  of InsP^ 
concentrations req u ired  to mobilise calcium from th e  in tracellu lar s to res  in 
th ese  cells compared well with th a t observed  in peripheral tis su e  such  as 
smooth muscle (Somlyo e t al, 1992), exocrine cells (Gray e t  al, 1989), 
hépatocytes (Ogden and Capiod, 1990), and vascu lar endothelial cells 
(C arter and Ogden, 1992).

5.2. Calcium mobilisation evoked by InsP^ in Purkinje cells in cerebellar 
slices

P urk in je  cells from acutely p repared  th in  slices of th e  cerebellum  
were stud ied  to  in vestigate  the  ability  of in tracellu lar InsPg to  elevate

101



LO
<\j
U_1 9 |j M InsP
u_

UV Pulse

Figure 5.3 Calcium mobilisation by InsP^ released photolytically in a voltage 
clamped Purkinje cell in situ.

Fluo-3 Fluorescence change following th e  photolytic re lease of 9 and 
19pM InsP] in th e  cytosol of a voltage clamped P urk in je  cell a t a holding 
potential of -70mV. 50pM caged InsP] and 200pM Fluo-3 were in troduced into 
th e  cytosol via th e  patch pipette, and the  in tensity  of the  UV pulse was 
varied to release  th e  concentrations of InsP] shown.

[InsP]] 
/  pM

9 19 23 25 38

aF /F 1.410.39
(4)

3.1610.37
(9)

3.4910.39
(3)

3.6110.30
(5)

3.0510.36
(14)

F latency  
/  ms

93130.1
(4)

56.1111.1
(10)

44.6112.3
(3)

2716.2
(5)

22.113.2
(15)

Table 5.1 Properties of the Fluo-3 light transient following release of InsP] 
in the cytosol of voltage clamped Purkinje neurones.

The change in th e  Fluo-3 fluorescence, and th e  latency before the  
onset of th e  change in th e  Fluo-3 fluorescence following th e  photolytic 
in tracellu lar re lease  of InsP] in voltage clamped P urk in je  neurones. Values 
a re  means with th e  SEM, and th e  number in paren thesis  indicate the  
number of cells.
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[Ca^^]j. The range  of concentrations a t which InsPg was capable of 
mobilising calcium was determ ined, and attem pts were made to elucidate 
mechanism of InsP^ action and its  role in the  control of th e  membrane 
excitability. The data obtained from use of fluorescent calcium indicators 
Fluo-3 and F u rap tra  will be d iscussed .

5.3. Use of Fluo-3 to follow th e  changes in [Ca^*]j

Fluorescence emitted from the  soma of voltage clamped P urk in je  cells 
(holding potential -70mV) equilib ra ted  with 200pM Fluo-3 and 50-200pM 
caged InsP] was recorded to monitor the  in tracellu lar free  calcium ion 
concentration. InsP] concentrations g rea te r  or equal to 9pM elevated [Ca^^]. 
indicated by an increase in th e  Fluo-3 fluorescence (F igure 5.3). The term 
Tight tra n s ie n ts ’ used h erea fte r re fe rs  to the tra n s ien t changes in th e  
fluorescence emitted by th e  calcium indicator due to an increase of [Ca^*]j. 
The peak of th e  ligh t tra n s ien ts  evoked by InsP] increased with increasing 
InsP] concentrations from a value of 2.4±0.39 (AF/F, SEM, n=4, range  0.95- 
3.25) a t 9pM InsP], to 3.05±0.36 (SEM, n=14, range 0.93-5.25) a t 38pM InsP] 
(Table 5.1, F igures 5.3, 5.4, & 5.7).

Experiments were made to determ ine whether the elevation of [Ca^^Jj 
following the  photolytic release of InsP] was due to calcium e n try  from the  
extracellu lar solution, calcium mobilisation from the in tracellu lar sto res , or 
both. The bathing solution was changed to a calcium free  solution (calcium 
ions replaced with magnesium ions and 0.5mM EGTA) and th e  removal of 
calcium from the  extracellu lar space monitored with repeated  
depolarisations. Under conditions a t which no change in th e  in tracellu lar 
calcium was detected  in th e  soma with depolarisation, InsP] released 
photolytically was capable of producing calcium tra n sien ts . The lack of 
ex tracellu lar calcium during  calcium tra n s ien ts  evoked by InsP] confirmed 
th a t calcium was mobilised from in tracellu lar s to res  and had not en tered  
the  cytosol th ro u g h  the  plasma membrane.

To investigate  the  mechanism of calcium mobilisation by InsP] the  
immediate even ts  following th e  photolytic release of InsP] were studied . 
Following the pulse of UV ligh t th e re  was an optical a r tifa c t 20ms long due 
to phosphorescence of the  record ing  chamber and th e  objective. This was 
reduced  in some experim ents to <6ms by replacing the  515-565nm b a rrie r  
filte r with a 530nm narrow band in te rfe ren ce  filter. The fluorescence r ise  
following a pulse of UV ligh t was observed  a fte r  a delay which had a mean 
of 93±30.1ms (SEM, n=4, ran g e  40-164ms) a t th e  lowest effective 
concentration  of InsP] (9pM) and decreased with increasing  InsP] 
concentration  to 22.1+3.2ms (SEM, n=15, range 8-50ms) a t 38pM InsP] (Table
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Figure 5.4 The relation between the peak of Fluo-3 and conductance 
transients with [InsPg] in voltage clamped Purkinje neurones.

The increase  with [InsPg] of the  maximum Fluo-3 fluorescence change 
(circles) and th e  outw ard c u r re n t (triangles) following photolytic re lease 
of InsPg in voltage clamped P urk in je  neurones. Values a re  means with th e ir  
co rresponding  s tan d a rd  e rro r .
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Figure 5.5 The reduction in latency of Fluo-3 fluorescence and conductance 
with increasing [InsPg] in voltage clamped Purkinje neurones.

The relation  between latencies of onset of the  Fluo-3 light tra n s ie n t 
(circles) and th e  outw ard c u rre n t (triangles) following in trace llu lar 
photolytic re lease  of InsPg in voltage clamped P urk in je  cells with [InsPg]. 
E rro r b a rs  re p re se n t s tan d a rd  e r ro r  of th e  mean.
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F igu re  5.6 Early ev en ts  following photolytic re lease  of InsPg.

Changes in th e  Fluo-3 fluorescence of th e  soma and whole cell 
conductance of two voltage clamped P urk in je  cells following photolytic 
re lease  of InsPg a re  shown (Top and bottom pair of traces). Flash lamp 
in ten sity  was a lte red  to release; a=38pM, b=c=19pM, and d=9pM InsP^ from 
caged InsPg equilib ra ted  in th e  cytosol of the  cells. Following the  optical 
flash  a rtifac t th e re  is a delay followed by an increase in th e  Fluo-3 
fluorescence. The latency of th e  onset of the  ligh t tra n s ie n t decreases, 
and th e  ra te  of r ise  of th e  tra n s ie n t increases with increasing  [InsPg]. 
The outw ard c u r re n t rises  sh o rtly  a f te r  the  onset of th e  fluorescence 
signal. A reduction  in th e  latency of onset and increase in th e  ra te  of 
r ise  of the  outw ard c u r re n t is observed  with increasing  [InsP^].

105



5.1, F igures 5.5, & 5.6). Considering th e  2-4ms half time fo r photolytic 
re lease of InsP^ (Walker e t  al, 1989), and th e  time taken  for th e  indicator 
to re p o rt th e  changes in [Ca^*]. (1.4ms for Fura-2; Kao and Tsien, 1988), 
th e  sh o rt la tency  of th e  onset of th e  fluorescence r ise s  a t high 
concentrations of InsPg favours th e  idea of d irec t activation by InsP j of 
a calcium perm eable ion channel, th e  InsP^ recep to r, and  makes th e  
possib ility  of th e  presence of an interm ediate s tep  between InsPg release 
and activation of the  InsPg recep to r less likely. The increase in th e  
latency of onset of fluorescence r ise  a t lower concentrations of InsPg may 
be explained by th e  cooperative action of calcium ions on th e  InsPg 
recep to r (Finch e t  al, 1991; Bezprozvanny e t  al, 1991); a t re s tin g  [Ca^*]., 
about O.lpM, binding of InsPg to its  recep to r re su lts  only in an initial slow 
release of calcium until th e  concentration of free  calcium ad jacen t to  th e  
recep to rs  r ise s  high enough to increase th e  open probability  of th e  InsPg 
recep to r and s e t  up regenera tive  fa s t efflux of calcium. Although a  slow 
leakage of calcium th ro u g h  th e  InsPg recep to rs  preceding th e  tra n s ien ts  
was not detected  with th e  indicator, th e  mechanism of action of InsPg may 
neverthe less  re q u ire  calcium cooperativ ity  if th e  initial calcium release was 
small and localised.

Examination of the  even ts  immediately following th e  release of InsPg 
also revealed an increase in ra te  of r ise  of th e  Fluo-3 fluorescence with 
increasing  InsP^ concentrations (F igure 5.6). Although sa tu ra tion  of th e  
dye d is to rts  th e  kinetics and ra te  of r ise  of th e  fluorescence signal, th e  
increase  in th e  ra te  of r ise  with h igher concentrations of InsPg can 
n everthe less  be a ttr ib u te d  to an increased efflux of calcium ions from th e  
in tracellu lar s to re s  if it is assumed th a t th e  ra te  of calcium removal in th e  
cytosol is not a ltered . The ra te  of change of [Ca^*]^ provides a measure 
of calcium efflux similar to Ca^^ efflux (Finch e t al, 1991) and would be 
proportional to open probability  of InsPg recep to r measured in lipid 
bilayers (Bezprozvanny e t al, 1991).

Occasionally a t low concentrations of InsP^, and always a t h igher 
concen trations an outw ard c u rre n t accompanied the  calcium tran sien t. This 
c u rre n t was due to an increase in th e  membrane conductance (see F igure 
5.9) and its  rev e rsa l potential was not a lte red  when th e  in tracellu lar 
anions were changed from th e  impermeant gluconate to th e  perm eant 
ch loride ions indicating th a t it was as  th e  re su lt  of th e  efflux of potassium 
ions ou t of and not due to  th e  influx of ch loride ions into th e  cell. The 
outw ard c u r re n t accompanied th e  fluorescence change a t th e  same time o r 
sh o rtly  a fte rw ard s  with its  latency decreasing , and its  peak increasing  
with increasing  InsPg concentrations (Table 5.2, F igures 5.4, 5.6, & 5.7), 
su g g estin g  th a t  th e  change in th e  membrane perm eability was related  to
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[InsPg] 
/  pM

9 19 23 25 38

I Peak / 3212.8 249157 276.5123.5 288164.1 318.6135.2
pA (2 ) (7) (2 ) (5) (13)

I latency 9218 69.1114.9 5211.3 39.6112.8 31.514.6
/  ms (2 ) (8 ) (1) (5) (14)

Table 5.2 P roperties  of c u rre n t tra n s ie n ts  following re lease  of InsP3

Peak outw ard c u rre n t and th e  latency before th e  onset of th e  
c u r re n t  following the  photolytic in tracellu lar release of InsPg in voltage 
clamped P urk in je  neurones. Cells were held a t -70mV. Values a re  means 
with th e  SEM, and th e  number in paren thesis  indicate th e  num ber of 
cells.
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F ig u re  5.7 In crease  in [Ca^*],. and membrane conductance following 
photolytic  re lease  of InsP^

38pM InsPg was photolytically released in the  cytosol of a voltage 
clamped P urk in je  neurone (holding potential -70mV). Increase  in [Ca^^]. 
is detected  by th e  increase in Fluo-3 fluorescence signal. The outw ard 
c u r re n t  is due to an increase  of th e  membrane conductance to potassium 
ions (see text).
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th e  InsPg concentration. This can be e ither by th e  d irec t gating of th e  
potassium channel with InsP^ o r an InsPg metabolite such as InsP^, or via 
a p rocess mediated by InsPg such  as elevation of cytosolic calcium. 
Although p resence  of InsPg (Kuno and  Gardner, 1987) and InsP , (Irv ine 
and Moor, 1986; Luckhoff and Clapham, 1992) gated ion channels a t th e  
plasma membrane has been documented, these  channels a re  mainly 
perm eable to  calcium ions and not to  th e  monovalent potassium ions. 
Calcium activated  potassium channels, however, have been characterised  
and ex ist in most cells s tud ied . These include Aplysla  neurones (Meech, 
1972; Tsien and Zucker, 1986), chromaffin cells (Marty, 1981), 
pho torecep tors (Bolsover, 1981), r a t  lacrimal glands (Trautmann and Marty, 
1984), bullfrog (Adams e t  a l  1982; MacDermot and Weight, 1982) and ra t  
sym pathetic neurones (Gurney e t al, 1987), and hepatocytes (Field and 
Jenkinson, 1987; Capiod e t  al, 1987; Capiod and Ogden 1989). Therefore it 
is likely th a t th e  outw ard c u r re n t recorded a re  as the  re su lt of activation 
of a calcium activated  potassium conductance. I t  must be emphasised th a t 
argum ents p resen ted  here  in favour of activation of the  potassium 
conductance by calcium ions a re  ind irec t and th e  calcium dependence of 
th e  conductance should be charac terised . The use of inside out and 
ou tside  ou t excised patches would allow the  accurate  control of solutions 
on both sides of th e  membrane facilitating investigation of the  calcium
dependence, and the  pharmacology of these  channels (cf Marty, 1981;
Capiod & Ogden, 1989). A lternatively  the  p resence of calcium activated 
potassium channels could be dem onstrated by rapidly  increasing the  
concen tration  of in tracellu lar calcium by photolytic release of calcium from 
n itr  se ries  compounds or DM -nitrophen (cf Tsien and Zucker, 1986; Gurney 
e t  al, 1987) while record ing  th e  whole cell conductance.

The e ffec t of InsPg on sh o rt term excitability was tested  with
c u rre n t clamp experim ents. U nder th ese  conditions photolytic release of 
InsPg resu lted  in the  hyperpolarization  of the  membrane potential of th e  
P u rk in je  cells to  -85mV from th e ir  initial restin g  potential of about -60mV 
(F igure 5.8), th u s  reducing  excitability . F igure 5.9 fu r th e r  shows th a t 
action potentials evoked by in jection  of c u rre n t a re  inhibited following 
calcium mobilisation by InsPg. Subsequently  th e  membrane excitability 
recovered  to  its  normal levels with a time course similar to th e  recovery  
of th e  in trace llu lar calcium to re s tin g  levels.

The reco v ery  to th e  re s tin g  levels of th e  fluorescence following 
InsPg was of two types; e ith e r th e  fluo resœ nce  recovered to 50% of its  
peak level w ithin 2-5 seconds and  th en  more slowly (30-9Gs) to th e  re s tin g  
level, o r s tayed  elevated upto  15s and  then  recovered more slowly (40-90s) 
(F igure 5.10). The mechanisms responsib le  for th is  will be discussed la ter.
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F ig u re  5.8 Effect of InsPg on th e  membrane potential.

Following th e  photolytic re lease  of InsPg in th e  cytosol of c u r re n t 
clamped P urk in je  neurone th e  membrane potential hy p er polarised 
tow ards th e  potassium equilibrium  potential. The f ig u re  dem onstrates th e  
lig h t (top trace) and membrane potential change (bottom trace) in a 
c u r re n t  clamped P urk in je  neurone following photolytic re lease  of 38pM 
InsPo.
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F igure  5.9 E ffect of InsPg on th e  membrane excitability.

A P u rk in je  neurone was c u rre n t clamped and th e  membrane potential 
(middle trace) and Fluo-3 fluorescence of the  soma (upper trace) recorded. 
Depolarisation induced by 40pA c u rre n t pulses gave rise  to one full size 
action potential and one a tten u a ted  action potential, accompanied by a small 
ligh t tra n s ie n t. Photolytic release of 19pM InsP^ (indicated by th e  arrow ) 
500ms a fte r  th e  s ta r t  of th e  c u rre n t pulse produced a large light tra n s ie n t 
accompanied by hyperpo larisation  due to increase of the  membrane 
conductance to potassium ions. The following c u rre n t pulse failed to elicit 
action potentials, which recovered  when tested  30s la ter (not shown). Note 
th e  reduced size of the  depolarisation induced by the  th ird  c u rre n t pulse 
due to th e  increase  in membrane conductance.

110



in

II
u_

<
CL

u_
<

o
o
(M

UV Pulse

F ig u re  5.10 The tim ecourse of calcium tra n s ien ts  monitored with Fluo-3.

The tim ecourse of recovery  of th e  Fluo-3 tra n s ie n t and th e  whole 
cell conductance of two P u rk in je  neurones (d ifferen t animals) following 
th e  photolytic in tracellu lar re lease  of 38pM InsPg from lOOpM caged 
InsPg. Two ty p es  of tra n s ien ts  in response  to th e  same concentration  of 
InsPg released  was observed; those with sh o rt duration  (top traces), and 
those  with longer duration  (bottom traces).
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The da ta  outlined above were from experim ents during  which th e  
fluorescence em itted from th e  soma of cells was recorded. However th e  
main excita to ry  inpu ts  of P u rk in je  cells, th e  parallel and climbing fib res , 
form sy n ap ses on th e  ex tensive dendritic  tre e  and dendritic  sh a ft of th e  
P u rk in je  cells. The ra tio  of cytosolic volume to th e  membrane su rface  a rea  
of th e  d en d rite s  is much less than  th a t of th e  soma, and th e re fo re  
a ttem pts w ere made to collect and m easure th e  fluorescence emitted from 
th e  region  occupied by th e  dendritic  tree . Higher concentrations of Fluo-3 
had to be used  as it  was d ifficult to  visually locate th e  dendritic  tre e  of 
th e  P u rk in je  ceUs by search ing  for th e  fluorescence emitted a t  low Fluo-3 
concen tra tions, in addition to  th e  fact th a t th e  signal to noise ra tio  of th e  
fluorescence m easured preven ted  th e  use of Fluo-3 with concentrations 
lower than  ImM. F igure 5.11 shows light tra n sien ts  in the  dendritic  tre e  
of a  P u rk in je  cell when InsPg was photolyticaUy released by a full 
in te n s ity  flash  with 1.2 mM Fluo-3 and lOOpM caged InsPg in th e  patch  
p ipette . I t  was not possible to calculate th e  concentration of InsP^ 
photolytically released  in th e  dendritic  tre e  since it could not be assumed 
th a t  equilibrium  between th e  patch pipette  and d endrites  had been 
achieved. In th e  den d rite s  th e  size of the  calcium tran sien t was not always 
g re a te r  than  th a t produced by depolarisation. This could be e ith e r due to 
th e  d iffe ren t su rface  to volume ratio  of the  dendrites, or may reflec t poor 
voltage clamp of den d rite s  fa r  from th e  patch p ipette. Since th e  v ery  high 
concen tra tions of th e  dye used to  monitor calcium in th e  den d rite s  
in crease  calcium buffering , and th ere fo re  calcium diffusion in th e  cytosol, 
and  because of problems of voltage clamp in th e  dendritic  tree , it can only 
be concluded th a t th e  in trad e n d ritic  free  calcium increases following 
photolytic  re lease  of InsP^, most probably by calcium mobilisation from 
s to re s . To be able to s tu d y  [Ca^*]. in th e  d endrites  it would be necessary  
to  allow a longer time for th e  indicator to d iffuse and fully equ ilib ra te  
w ith th e  d en d rite s  (perhaps an hour), and use b rig h te r  ind icators tak ing  
ca re  not to a lte r  cytosolic calcium buffering .

The effect of photolysis byproducts o r interm ediates in calcium 
mobilisation or th e  membrane conductance was tested  by photolysis of 
lOOpM l-(2 -n itro p h en y l)e th y l phosphate, caged phosphate, in troduced  into 
th e  cell by th e  whole cell patch  p ipette  following the  same procedure  used  
d u rin g  experim ents with caged InsPg. The photolysis b y -p ro d u c ts  and 
in term ediates did not a lte r  th e  [Ca^^]. or th e  membrane conductance 
(F igu re  5.12).

The most s tr ik in g  finding  of th ese  experim ents was th a t  more th an  
te n  times h ig h er concentrations of InsPg were requ ired  to mobüise calcium 
in  P u rk in je  ceUs th an  as tro cy tes , hepatocytes (Ogden e t  al, 1990) o r
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F ig u re  5.11 Fluo-3 fluorescence of th e  d en d rite s  a  P u rk in je  cell.

The ligh t from th e  d endritic  tre e  of a P u rk in je  cell voltage 
clamped with a patch  p ipette  containing 1.2mM Fluo-3 and lOOpM caged 
InsPg was collected (panel A). A full in ten sity  flash  of th e  xenon lamp 
(lOOmJ) was used to photolyze th e  caged InsP^ p re sen t in th e  den d rite s. 
The concentration  of InsPg released  cannot be estim ated because 
equilibrium  between the  patch p ipe tte  and the  den d ritic  tre e  was not 
achieved bu t is less than  38pM.
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Figure 5.12 Control for the photolysis byproducts and intermediates in 
photochemical reaction.

Photolysis of lOOpM caged phosphate (see text) which re su lts  in the  
re lease  of th e  same photolysis byproducts as caged InsPg with a similar 
quantum  yield. No change in the  Fluo-3 fluorescence of the  soma, or whole 
cell conductance of a voltage clamped P urk in je  neurone (holding potential 
-70mV) was detected  following a full in ten sity  flash of the  xenon a rc  lamp 
(lOOmJ).
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endothelial cells (C arter & Ogden, 1991, 1992) examined with identical 
experim ental protocols. I t  is im portant to  consider th e  possibility  th a t 
additional calcium buffering  in troduced into th e  cytoplasm by th e  p resence 
of Fluo-3 reduced th e  InsPg potency. Calcium buffering  by 200pM Fluo-3 
is of an  o rder of 400 calcium ions bound to 1 free , compared with an 
endogenous buffering  of 75 bound to  1 fre e  (Neher & A ugustine, 1992) 
assum ing a free  calcium concentration of O.lpM. I t  had to be verified  th a t 
th e  additional buffering  did not re su lt in ’mopping’ of th e  calcium released 
ad jacen t to the  InsP^ recep to rs  immediately a fte r  photolytic release of 
InsPg, th u s  perhaps necessita ting  a h igher concentration  of InsP^. 
Furtherm ore it would be useful if an estim ate of th e  in tracellu lar calcium 
concentration  evoked by InsP^ could be obtained.

5.4. Use of F u rap tra  to  follow th e  changes in [Ca^*].

To ad d ress  th ese  points it was necessary  to use an indicator with 
a lower affin ity  for calcium and which could be used a t low concentrations 
to follow the  changes in th e  [Ca^*].. The fluo rescen t indicator F u rap tra  has 
a much lower affin ity  for calcium th an  Fluo-3 and has been successfu lly  
used to follow the  calcium tra n s ie n ts  in frog skeletal muscle fib res  (Konishi 
e t al, 1991). Prelim inary experim ents indicated th a t it could be used a t a 
concentration  of 500pM to follow th e  changes of the  [Ca^^]. in th e  P urk in je  
cells in situ. At th is  concentration, and assum ing th e  same (44pM) in 
vivo  as th a t in vitro, the  additional buffering  in troduced  into the  cell 
would be 11 bound calcium ions to  1 free  a t a free  calcium concentration  
of O.lpM, which could be neglected compared to th a t of the  endogenous 
bu ffers. However F u rap tra  binds magnesium, although with considerably  
lower affin ity , as well as calcium ions and desp ite  th e  p resence of ATP in 
th e  patch  p ipette  solution as a magnesium ’b u ffe r’ (see ch ap te r 2 ) a 
reduction  in the  F u rap tra  fluorescence could be due to an increase in 
e ith e r magnesium or calcium ions (to reduce the  fluorescence of F u rap tra  
by half [Ca^*]. or [Mg^*]. should r ise  to th e ir  44pM and 5.3mM,
respectively . The la te r possibility is less likely.). In  th e  absence of a high 
affin ity  selective magnesium ion chelator, experim ents to d irectly  ad d ress  
th is  point a re  difficult to do. The F u ra p tra  light tra n s ie n ts  recorded 
following photolytic release of InsPg were in te rp re ted  as a lteration  in 
[Ca^^lj on the  basis of experim ents described  with th e  high affin ity  calcium 
ind icator Fluo-3 which has a g rea t selectiv ity  for calcium over magnesium 
ions. Chapter 2 describes in detail th e  use of F u rap tra  as a calcium 
indicator.

With F u rap tra  as th e  fluo rescen t calcium indicator, occasionally a t
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9uM InsPg, and always a t h igher concentrations of InsPg photolytically 
re leased  in th e  cytosol a tra n s ie n t reduction  in the light was detected 
(F igure 5.13), re ite ra tin g  th e  requirem ent of ten  fold h igher InsPg 
concen tra tions to  mobilise calcium in th e  P urk in je  cells compared with th a t 
req u ired  in a s tro cy te s  or peripheral cells. The additional calcium buffering 
in troduced  in th e  cytoplasm by SOOpM F urap tra , (11 bound to 1 free a t a 
free  calcium concentration  of O.lpM), could be neglected compared to th a t 
of th e  endogenous buffers. The ex tra  buffering  by the  indicator, 
p a rticu la rly  with Fluo-3, is an unlikely explanation for th e  lower potency 
of InsPg in mobilising calcium from th e  in tracellu lar s to res  in th e  P urkin je  
cells. The possible physiological processes which could resu lt in a lower 
potency of InsPg in evoking calcium release in th ese  cells will be discussed 
la te r.

The low affin ity  of F u rap tra  for calcium ions and the large 
fluorescence change was used to provide a calibration of free  [Ca^*].. 
and were estim ated for each cell, and [Ca^^]. calculated assuming
Fp=44pM from th e  în v itro  calibrations of Konishi e t al (1991) as described 
in ch ap te r 2. The calcium concentrations estim ated showed th a t th e  
m agnitude of th e  tra n s ien ts  evoked by InsP^ were large, th e  average 
cytosolic calcium concentrations often su rp assin g  30pM (Table 5.3, F igures 
5.14, 5.16, & 5.18). Given the  rapid efflux of calcium from the  in tracellu lar 
s to re s  following release  of InsP^, it is likely th a t much higher local calcium 
concen tra tions existed in areas ad jacen t to the  sto res. Therefore it is 
likely th a t th e  average  [Ca^*]. computed is an underestim ate of th e  
av erag e  cytosolic calcium concentration due to deviation of th e  binding 
cu rv e  of th e  indicator from linearity  in a reas where local calcium 
concen tra tions were high.

The immediate ev en ts  following th e  photolytic release of InsP^ were 
obscu red  in th e  F u ra p tra  fluorescence signals by an optical a rtifac t about 
30ms long. This re s tr ic te d  measurement of th e  fluorescence latency to 
delays longer th a n  30ms. The latencies of the  onset of the light tran sien ts  
with 19 and 23pM InsP^ released in th e  cytosol were 54.7±8.6 and 38±9.1ms 
(SEM, n =6 and 3) respectively , in close agreem ent with th e  latencies 
obtained using  Fluo-3 as the  indicator. If a cooperative action of calcium 
is req u ired  fo r calcium mobilisation via the  InsP^ recep to rs, th e  latency of 
th e  on se t of th e  ligh t tra n s ie n t might be expected to get longer if the  
buffering  ad jacen t to the  InsP^ recep to rs  is sufficiently  increased. 
However it is d ifficu lt to p red ic t th e  ex tra  buffering  requ ired  for such an 
action, and th e  absence of a d ifference between th e  latencies detected with 
Fluo-3 and F u ra p tra  a t th e  same [InsPg] is not conclusive regard ing  th e  
p rocesses responsib le  for th e  delay.
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F igure  5.13 Calcium mobilisation by photolytically relccised InsP^ 
voltage clamped P urk in je  neurones monitored with F u rap tra .

in

The flash  in tensity  was a ltered  to re lease  11, 19, and 38pM InsP^ 
in th e  cytosol of a voltage clamped (holding potential -70mV) P urk in je  
neurone în situ . Fluorescence of th e  calcium indicator F u ra p tra  was 
calib ra ted  as described in methods to estim ate th e  average cytosolic free  
calcium concentration.
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D a ta  o b t a i n e d  w i t h  5 0 0  pM  F u r a p t r a  a s  t h e  i n t r a c e l l u l a r  c a lc iu m
i n d i c a t o r

InsP^/jiM 11 19 23 38 76

FIiKKîsœnœ peak 512,4 10.413.6 9.812.4 33.315.9 28.914.5
/pM (3) (12) (8) (18) (18)

Current peak 104140.4 138.4150.3 148.9126.7 365.2141.9 296.2135.6
/pA (3) (12) (8) (18) (18)

Fluoreamoe latency 8517.5 54.718.6 3819.1 NA NA
/  ms (3) (6) (3)

Current latency 58112.4 82115.3 44.117.7 26.813.1 16.612
/  ms (3) (8) (8) (18) (18)

Fluoresence area 6.515.3 6.8612.2 11.415 89127.6 86.8129

/pMj (3) (12) (8) (18) (18)

Current area 65.3132.4 78.6137.6 132.5133.3 1099.31361 5831181.5

/pC (3) (12) (8) (18) (18)

Table 5.3 Increase in [Ca^*]. and outward conductance recorded with 
Furaptra as the calcium indicator in Purkinje cells.

The change in [Ca^*]j obtained from the  changes in the  fluo resnce 
emiteed by F u rap tra  in voltage clamped (holding potential -70mV) P u rk in je  
cells following photolytic re lease  of InsP^. Values a re  means with th e  SEM.
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Figure 5.14 The increase with InsPg released of [Ca^̂ ]̂  and whole cell 
current.

The g raph  dem onstrates th e  increase  in the  mean [Ca^*]j of th e  
soma (circles, estim ated form the  F u ra p tra  fluorescence) and potassium 
c u r re n t (triang les) of voltage clamped (holding potential -70 mV) 
P u rk in je  neurones with increasing the  concentration  of InsP^. Values a re  
means and e r ro r  b ars  rep re sen t the  s tan d a rd  e rro r .
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Calcium tra n s ie n ts  following release  of InsPg were accompanied by 
an outw ard c u rre n t, th e  peak of which increased  in parallel to  th a t of the  
calcium tra n s ie n t (Table 5.3, F igure 5.14) and compared well with those 
obtained with similar concentrations of InsPg released in Fluo-3 
experim ents.

The latencies of th e  onset of th e  conductance change decreased with 
increasing  InsPg concentration  in a similar ran g e  as those obtained with 
Fluo-3 experim ents (F igure 5.15, Table 5.3). If th e  potassium conductance 
was activated  by calcium ions, then  calcium has to  diffuse from th e  release 
s ite  to  th e  plasma membrane. If th e  delay between th e  onset of the 
fluorescence resp o n se  and th e  onset of c u rre n t tra n s ien t reflec ts  th e  time 
taken  for calcium to d iffuse  from th e  release s ite  to  the  plasma membrane, 
th e  p resence of mobile calcium buffers should re su lt in an increase in the  
ra te  of diffusion of calcium in th e  cytosol (d iscussed  in ch ap te r 2 ), and 
might be expected to  reduce th e  latency req u ired  for the  activation of the  
conductance. However no d ifference was observed  between the  conductance 
latencies obtained from experim ents using Fluo-3 or F urap tra . There a re  
a t least th re e  argum ents which could explain th e  lack of d ifference in the  
latencies and y e t su p p o rt th e  activation of th e  potassium channels with 
calcium. F irs t it might be th a t a g rea t proportion of Fluo-3 in th e  cytosol 
is not mobile and th e re fo re  th e  ra te  of diffusion of calcium is not g reatly  
a lte red . Indeed its  is rep o rted  th a t about 70% of Fluo-3 used to  monitor 
[Ca^^]. in frog muscle was bound to myoplasmic constituen ts (Harkins e t 
al, 1991). An a lte rn a tiv e  explanation might be th a t the  gap between th e
calcium release  s ite  and th e  plasma membrane was sh o rt enough for the
a ltera tion  in th e  ra te  of diffusion of calcium not to significantly  a lte r the
latency of th e  onse t of th e  outw ard cu rren t. In su p p o rt of th is  is the
dem onstration of th e  existence of calcium sto res  containing InsPg recep to rs  
close to th e  plasma membrane in the  P u rk in je  cells (Ross e t  al, 1989; Satoh 
e t al, 1990; Otsu e t  al, 1990; Takei, 1992). Third, th e  origin of th e  delay 
between th e  r ise  of th e  potassium conductance and [Ca^^Jj may be a  low 
sen sitiv ity  to [Ca^^] and steep  activation cu rv e  of the  potassium 
conductance, so th a t  calcium ad jacen t to th e  membrane needs to  r ise  
su bstan tia lly  to  ac tiv a te  th e  conductance.

The reco v ery  of th e  F u rap tra  fluorescence to its  restin g  levels 
following photolytic re lease of InsPg was similar to  th a t of Fluo-3 and 
could be divided qualitatively  into two p a tte rn s . In the  f ir s t  80% of the  
signal recovered  within 2-3s of InsPg release, while in the  second th is  took 
as long as 15 seconds (F igure 5.16). However, unlike responses with Fluo-3 
as th e  indicator, tra n s ie n ts  which took longer to recover did not show a 
plateau following th e ir  peak when recorded  with F urap tra . The plateau

120



100 n

</)
E

o

80 -

60 -

<D 40 -
4—»

(O

20 H

\ ï
I

0 r -  
10

I
20 30 40 50 60

—T—
70 80

[ In s P a l  / | j M

Figure 5.15 The latencies of onset of the Furaptra fluorescence change 
and the increase in whole cell conductance.

The relation between latencies of onset of th e  change in the  
F u rap tra  fluorescence (circles) and th e  membrane conductance 
(triang les) with [InsP^] following photolytic release of InsPg in th e  
cytosol of voltage clamped P urk in je  cells. Due to th e  optical a r tifa c t 
induced by th e  flash only fluorescence latencies longer than  30ms would 
be detected . The latencies obtained with F u rap tra  a re  not d iffe ren t from 
those obtained with Fluo-3 (cf F igure  5.5). Values a re  mean and 
stan d a rd  e rro r .
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a fte r  th e  peak of the  ligh t tra n s ien t when Fluo-3 was used as  th e  calcium 
indicator was probably  due to dye sa tu ra tio n  a t  high calcium 
concentrations. Longer lasting  tran sien ts  were only detected  in slices 
p rep ared  from old animals (30-50g, approximately 21 days postnatal; 16 
cells from 3 animals showed th is  pa tte rn , 6 animals s tud ied), and not in 
young animals (25-28g, approximately 15 days postnatal; 7 cells from 3 
animals, 3 animals stud ied) (F igure 5.17). Furtherm ore in cells from young 
animals th e  [Ca^^]. estim ated a t the  peak of th e  F u rap tra  tra n s ie n ts  did 
not exceed 35pM, although in those prepared  from old animals it reached 
80pM in some cells a t high [InsPg] (F igure 5.18). However, th e  longer 
duration  of th e  longer-lasting  calcium tra n s ie n ts  was not ju s t  because of 
the  h igher peak [Ca^*]. concentration; in old animals peak [Ca^*]^ 
concentrations estim ated to  be la rger than  35pM were associated with 
e ith er ty p e  of response. This is shown in F igure 5.18 where th e  area 
un d er the  tra n s ie n t is plotted against the  peak [Ca^*].. The am plitude of 
th e  outw ard c u r re n t was also dependent on th e  age of th e  animals (Figure 
5.17), and th e  a rea  under th e  c u rre n t tra n s ien t changed in th e  same way 
as th e  a rea  un d er th e  calcium tra n sien t (F igures 5.19, and 5.20). A good 
correlation  (slope=0.87, r=0.96) between th e  area  under th e  calcium 
tra n s ie n t and th a t of the  outw ard c u rre n t su p p o rts  the  hypothesis th a t 
the  potassium conductance is activated by calcium ions (F igure 5.20), and 
not by InsPg or an  InsPg metabolite, as evidenced by the  poor correlation 
between c u rre n t a rea  and [InsP^].

The data described  above point to th e  existence of d ifferences 
between young and old animals, although the  small number of experim ents 
make it d ifficult to be su re . F irst, cells stud ied  in 21 day old animals had 
acquired  th e  ab ility  to elevate th e  [Ca^*]^ beyond th a t in P urk in je  
neurones in young animals. Second, th e re  is a large increase in the  area  
of th e  calcium tra n s ie n ts  in some of the  older animals a t th e  same 
concentration  of InsPg or peak [Ca^*].. Again on th e  basis of the  data 
p resen ted  it is d ifficult to determ ine th e  process responsible. However, 
tra n s ie n ts  of la rg e  a rea  were only seen with high peak [Ca^^Jj and it may 
be speculated  th a t th e  longer duration of the  response is due to continued 
efflux of calcium from s to res  via calcium induced calcium release. The 
presence of a high density  (Ellisman e t  al, 1990) of functional 
(Bezprozvanny e t  al, 1991) calcium gated calcium channels, th e  ryanodine 
recep to rs , has been shown in th e  P u rk in je  cells. There a re  no 
developm ental s tu d ies .

Prelim inary experim ents were done to examine th e  possibility  th a t the  
time course  of th e  recovery  of th e  sh o rt- la s tin g  tra n s ien ts  was due to 
InsPg metabolism. A second pulse of UV ligh t was used to  photolytically
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F igure  5.16 The tim eœ urse  of calcium tra n s ie n ts  monitored with 
F u rap tra .

The F u rap tra  fluorescence signais of two P urk in je  neurones 
following photolytic release of 76pM InsP^ from 200pM caged InsP^ were 
converted  to estim ate [Ca^*]. as described in ch ap te r 2. The top tra c e s  
re la te  to a P u rk in je  cell from a young animal (25g) and th e  bottom 
traces  re la te  to one from an old (52g) animal. Note th e  la rg e r am plitude 
and duration  of th e  tra n s ien ts  in the  cell from th e  older animal. The 
size and duration  of th e  calcium and c u r re n t tra n s ie n ts  were age 
dependent; large, long tra n s ien ts  were only detected  in old animals 
(<30g). Both cells were voltage clamped a t a holding potential of -70mV.
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F igu re  5.17 In crease  with age of th e  a rea  u n d er th e  calcium and c u r re n t  
tra n s ie n ts .

The a rea  un d er th e  fluorescence and c u rre n t tra n s ien ts  produced by 
th e  photolytic re lease  of InsPg were calculated and th a t of th e  Light 
tra n s ie n t was converted  to estim ate th e  area under th e  calcium tra n s ien t. 
The g rap h s on th e  le ft dem onstrate th e  p resence of la rg e r a reas  un d er th e  
calcium and c u r re n t tra n s ie n ts  in old animals (>30g) compared to the  those  
of th e  young animals (25-28g) dem onstrated by th e  g rap h s  on th e  rig h t.
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F igure  5.18 Age dependence of th e  peak [Ca^*]^ and  whole cell c u r re n t  
tra n s ie n ts  with InsP^.

Peak calcium estim ated from th e  F u rap tra  tra n s ie n ts  and th e  whole 
cell conductance induced by in tracellu lar re lease of InsP^ in voltage 
clamped P u rk in je  cells dem onstrated age dependence. The g rap h s on th e  
left show th e  peak [Ca^^]^ and conductance in young animals (25-28g), and 
those  on th e  r ig h t correspond to old animals (>30g). The cells from older 
animals could achieve h igher [Ca^*]^ and produced la rg e r c u rre n ts  following 
re lease  of InsPg.
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Figure 5-19 Two types of calcium transients are present in the older 
animals.

The a rea  un d er th e  fluorescence tra n s ien t was calculated and 
converted  to estim ate th e  area  under th e  calcium tran sien t, and is plotted 
ag a in st th e  peak [Ca^*]^ (top graph). The g raph  dem onstrates th e  existence 
of two population of responses; a t high [Ca^*]^ (>20pM) photolytically 
re leased  InsPg re su lts  in e ith e r a sh o rt or long lasting tran s ien t. The area  
u n d er th e  c u r re n t tra n s ie n t also showed a similar d istribu tion .
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F igure 5.20 Correlation between th e  a rea  u n d er th e  c u r re n t and calcium 
tran sien ts .

The area  under th e  c u rre n t tra n s ie n t is plotted against th e  a rea  
under the  calcium tra n s ien t estim ated from th e  F u rap tra  tra n sien t. The 
line is the  linear reg ression  of the  data points (r=0.96).
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re lease  InsPg d u rin g  th e  peak or decline of [Ca^^]^. If th e  decline was due 
to  metabolism of InsPg th en  a th e  second pulse of InsPg should have 
resu lted  in additional calcium release. Such a phenomena was observed  
when Fluo-3 was used as  th e  calcium indicator (F igure 5.21), bu t not with 
F u rap tra  (F igure 5.22). If th e  metabolism of InsPg was th e  only factor 
responsib le  for th e  time course  of recovery  of the  tra n s ie n ts  then  a 
calcium release with th e  second pulse of InsP^ should have been detected  
with both ind icators. The difference between th e  re su lts  with th e  two 
ind icators may be due to th e  g rea te r  calcium buffering  of th e  cytoplasm 
with Fluo-3 compared with F u rap tra . I t  may be argued  th a t th e  ability  of 
a second pulse of InsP^ to  mobilise calcium in th e  p resence of Fluo-3 was 
due to a reduced  inhibition by th e  lowered calcium concentration ad jacen t 
to th e  InsPg recep to rs . F u rth e r  experim ents a re  requ ired  to ad d ress  th is  
point in more detail. From th e  data  available it is not possible to determ ine 
w hether th e  decline of responses in Fluo-3 experim ents was due to th e  
partia l inhibition of th e  InsPg recep to rs  with calcium, metabolism of InsPg, 
or depletion of th e  s to res  sensitive  to th a t concentration of InsP^ (P arker 
and Ivora, 1990). However experim ents in which h igher concentrations of 
th e  indicator a re  used to effectively  clamp th e  concentration of fre e  
calcium would determ ine w hether inhibition of InsPg recep to rs  with calcium 
plays any role in the  decline of tran sien ts .

5.5. Discussion

The ran g e  of concentration of InsPg effective in calcium mobilisation 
and its  mechanism of action has been studied  by application of InsPg 
du rin g  rapid  mixing experim ents with permeabilised cells, or with flash  
photolytic re lease  of InsPg from its  inactive caged analogue p re 
equ ilib ra ted  with th e  cytosol. Experiments with caged InsPg in 
perm eabilised smooth muscle (Somlyo e t  al, 1992), in hepatocytes (Ogden e t  
a l  1990; Ogedn e t  al, 1991), exocrine cells (Gray e t  a l  1989), and vascu lar 
endothelial cells (C arter and Ogden, 1992) have dem onstrated th e  ability  
of InsPg to mobilize calcium from in tracellu lar s to res  in th e  concentration 
ran g e  0.2-5pM. The s tud ies  have shown a delay in th e  activation of th e  
calcium efflux of several hu n d red  ms a t low InsPg concentration which 
become much sh o rte r  (<20ms) a t high concentrations. The sh o rt delay 
observed  in th e  activation of calcium efflux in th ese  experim ents su g g est 
d ire c t activation of th e  calcium channel by InsP^, in agreem ent with data  
obtained from rap id  mixing experim ents with perm eabilised hepatocytes 
(Champed e t al, 1989), or perm eabilised ra t  basophilic leukaemia cells 
(Meyer e t  a l  1990). The maximum ra te  of r ise  of [Ca^*]. as  a function of
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F igure 5.21 Consecutive pulses of InsPg released in a P u rk in je  cell 
loaded with Fluo-3.

The figure  dem onstrates a Fluo-3 fluorescence record  d u ring  
which consecutive pulses of 19pM InsP^ were photolytically released in 
th e  cytosol of a voltage clamped P urk in je  neurone a t th e  times indicated 
by th e  arrow s. No reduction  in the  am plitude of th e  ligh t tra n s ie n t 
evoked by th e  second pulse of InsP^ was detected. The fo u rth  pulse of 
InsPg released  immediately a fte r  th e  peak of the ligh t tra n s ie n t resu lted  
in an additional light tran s ien t the  am plitude of which was g rea te r  than  
the  f ir s t  one.

1 s

t t

F igure 5.22 Twin pulses of InsPg in a P u rk in je  cell loaded with 
F u rap tra .

The fig u re  dem onstrates a F u rap tra  fluorescence record  d u ring  
which 19pM InsPg was released photolytically with two pulses of UV 
light. Note th a t th e  second pulse failed to mediate fu r th e r  re lease  of 
calcium. This is probably due to inh ib ito ry  effects of th e  ra ised  calcium 
concentration  on the  InsPg recep to rs  following the f ir s t  pulse of InsPg.

131



InsPg concentration , u n d er conditions where o ther calcium fluxes into th e  
cytosol a re  small, p rovides information relating  channel activation as a 
function  of InsPg concentration. In  permeabilised hepatocytes th e  maximum 
ra te s  of r is e  of [Ca^*] increased  in the  InsPg concentration range  O.l-lOpM 
with a HiU coefficient of 1.6 (Champeil e t  al, 1989). A much la rg e r Hill slope 
of 3-4 a t low concentrations of InsP^ (4nM) was found in permeabilised ra t  
basophilic leukaemia cells (Meyer e t  al, 1988), suggesting  a  highly 
cooperative process. However in rapid  mixing experim ents with InsPg- 
sen sitiv e  synaptosom es derived  from CNS, when th e  free  calcium 
concentration  was buffered  th e  concentration range measured by ^^Ca^* 
efflux was 30nM to  lOpM with Hill coefficient 1.0 (Finch e t al, 1991). This 
s tu d y  fu r th e r  showed a s tro n g  dependence of InsPg potency on the  free  
[Ca^^]; calcium concentrations upto 0.5-lpM potentiated release while h igher 
[Ca^^] was inhib itory . Similar re su lts  were found with single channel 
reco rd in g s  from InsPg recep to r isolated from cerebellum and incorporated  
into lipid b ilayers (Bezprozvanny e t al, 1991). The maximum InsP^-evoked 
open probability  (upto 15% a t 2pM) was a t a free  [Ca^*] of 0.3pM and 
declined with h igher calcium concentrations. On the  basis of th e  la ter two 
experim ents it is likely th a t  th e  cooperatlvity  observed in o ther s tu d ies  
is due to  th e  potentiating  effects  of released calcium and th a t only a 
single InsPg binding is req u ired  for the  activation of th e  InsP^ recep to r.

The data  p resen ted  here  show th a t a r ise  in th e  [Ca^*]. of 
a s tro cy te s  in prim ary cu ltu re s  of ra t  cerebellum is detected  following 
photolytic re lease  of InsP^, with th e  range of concentration of InsPg 
effective, and th e  kinetics of calcium efflux similar to th a t  observed  in th e  
p erip h ery . However similar experim ents in P urk in je  cells from acutely  
p rep ared  slices of r a t  cerebellum  showed th a t compared to a s tro cy tes  or 
p e rip h era l tissu e  more th an  tenfold h igher concentrations of InsP^ a re  
req u ired  to  produce calcium mobilisation from the  in tracellu lar s to res . 
F urtherm ore th e  size of calcium mobilisation in th e  P u rk in je  cells is la rg e r 
([Ca^*]j in high micromolar), and fa s te r  ([Ca^*]. peaks in less than  15ms 
with 76pM InsPg) than  th a t observed  in th e  astrocy tes  or periphera l tissu e . 
The concentration  of InsP^ req u ired  to mobilize calcium in P u rk in je  cells 
is h ig h er than  th a t req u ired  to activate  InsPg recep to rs  from canine 
cerebellum  reco n stitu ted  in lipid bilayers (Bezprozvanny e t  al, 1991) or 
mediate calcium efflux from CNS derived tissu e  (Finch e t  al, 1991). However 
i t  should be noted th a t in n e ith e r of th ese  experim ents th e  neuronal orig in  
of th e  InsPg recep to rs  can be ascertained , since th e  possibility  th a t th e  
recep to rs  o rig inated  from glia cannot be ruled out.

There a re  a t  least th re e  possible explanations for th e  heterogeneity  
of InsPg action observed  betw een th e  P urk in je  cells and th e  periphera l
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F igure 5.23 T ransien ts  in th e  soma of a P u rk in je  ceil monitored with 
1.2mM Fluo-3

The fig u re  shows ligh t tra n s ie n ts  from the  soma of a P u rk in je  cell 
voltage clamped with a patch  p ipette  containing 1.2mM Fluo-3 and 50pM 
caged InsPg. Photolytic release of 9pM InsP^ was capable of mobilising 
calcium desp ite  th e  increased  buffering  (2400:1; bound to free  calcium 
a t O.lpM free  calcium) in troduced  in th e  cell by Fluo-3.
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tissu e . F irs t it may be th a t  th e  endogenous buffering  of P u rk in je  cells 
tig h tly  reg u la tes  th e  fre e  calcium concentration so th a t much h igher 
concentrations of InsPg a re  requ ired  to increase the free  calcium 
concentration  to  levels necessary  for cooperative action of calcium on the  
InsPg recep to rs . Despite th e  high calcium buffering  capacity though t to 
exist in th e  P u rk in je  cells (Vill e t  al, 1991), th is  seems to be an unlikely 
explanation on th e  basis of th e  large ran g e  of calcium buffering  used in 
th e  experim ents described  here (F igure 5.23); the  calcium buffering 
in troduced  by SOOpM F u rap tra  (11 bound to 1 free  a t O.lpM free  calcium) 
is small, and th a t in troduced  by 1.2mM Fluo-3 (2400 bound to  1 free  a t 
O.lpM free  calcium) is la rge  compared to th e  endogenous buffers (eg 75 
bound to  1 free  in chrom affin cells, Neher and A ugustine 1992). The second 
possib ility  is th e  p resence of high density  of inactive InsPg binding sites 
which re su lt in a rap id  reduction  of [InsPg] ad jacen t to the calcium release 
s ites . A lternatively the  th ird  possibility is th a t th e  functional InsPg 
recep to rs  in th e  P u rk in je  cells a re  d ifferen t from those p resen t in the 
p eriphera l tissue . Indeed in su p p o rt of th is  hypothesis a lte rna tive  splicing 
and tissu e  specific expression  of th e  m essenger RNA for the  InsP^ recep to r 
have been rep o rted  (Mignery e t al, 1990; Nakagawa, 1991; Danoff e t al, 
1991; Ross e t  al, 1992). Furtherm ore the  m essenger RNAs alternative ly  
spliced v a ry  in th e  amino acid sequences encoding for th e  SI or SII 
reg ions, which a re  tho u g h t to be im portant in th e  binding of InsPg, and 
phosphorylation of th e  InsPg recep to r (Nakagawa e t al, 1991; Danoff e t  al, 
1991), and may determ ine the potency of InsP^ in calcium release 
(Nakagawa e t  al, 1991).

W hatever th e  reason  for th e  heterogeneity  of InsP^ action in the  
P u rk in je  cells with th a t of o ther tissu es  stud ied , it is app aren t th a t the  
requ irem ent for fa s t signalling in neurones has resu lted  in a system  in 
which an increase  in th e  cytosolic concentration  of InsPg by stimulation of 
G p ro te in  linked neu ro transm itte r recep to rs  is capable of rap id ly  
increasing  th e  [Ca^*].. The elevation of [Ca^*]. in the  sh o rt term modifies 
th e  excitability  of th e  membrane by activating  th e  calcium gated potassium 
channels, and in th e  long term se ts  in action calcium activated processes 
such  as gene tra n sc rip tio n  (eg Morgan and C urran, 1988), and protein 
sy n th es is  (eg Brostorm and Brostorm, 1990).

In experim ents described  h ere  th e  changes in th e  fluorescence 
em itted by th e  Ccdcium indicator from a defined region of th e  cell was 
m easured with a photo tube allowing a time, b u t not spatially  resolved 
s tu d y  of th e  changes in th e  [Ca^*]^. The p resence of calcium grad ien ts  a t 
d iffe ren t p a r ts  of th e  cell could not be detected . Such g rad ien ts  may 
indeed exist and could play an im portant physiological role. Although
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imaging techniques provide spatial resolution, to date  th e ir  combination 
with fluorescen t ind icato rs have not allowed a time resolved (ms resolution) 
s tu d y  of [Ca^*]j . In  th e  view of th e  fact th a t the  changes in th e  [Ca^*]. 
rep o rted  here  a re  extrem ely fa s t th e  p resen t imaging techniques would be 
unable to  provide an accu ra te  indication of the  changes in the  [Ca^*]. .

Although th e  elevation of [Ca^^Jj in the  P urk in je  cells by InsPg is 
a compliment of th e  proposed action of glutamate m etabotropic recep to rs  
th o u g h t to be p resen t in th ese  cells (eg Llano e t  a l  1991), fu r th e r  
experim ents a re  req u ired  to  dem onstrate its  role in synap tic  transm ission. 
For th is  purpose th e  th in  slice provides a good p reparation  because a 
proportion  of th e  synap tic  inpu t to a cell in a slice c u t a t th e  ap p ro p ria te  
o rien ta tion  is left in tact. These pathw ays may be stim ulated in th e  
p resen ce  of ionotropic recep to r blockers and the  changes in [Ca^*]. 
m onitored. Furtherm ore th e  effect of InsP^ released photolytically on action 
potentials evoked synaptica lly  can be studied . P articu lar a tten tion  should 
be given to  the  changes in the  [Ca^*]. of the  dendrites because th e  high 
membrane su rface  area  to volume may re su lt in a ltered  kinetics of calcium 
release  and removal. However the  s tu d y  of InsP^ action in the  d en d rite s  
is d ifficu lt due to th e  poor signal to noise ratio  of th e  fluorescence 
emitted by the  calcium indicators to the  background fluorescence in th is  
region. Longer ’cell loading’ time, and perhaps b rig h te r calcium ind icators 
a re  req u ired  so th a t th e  changes in [Ca^^]. may be studied  in th e  
d en d rite s  without d is tu rb in g  in tracellu lar calcium buffering .

Although th e  p resence of exceptionally high concentrations of InsPg 
binding s ites  and calcium binding pro teins made th e  P u rk in je  cells th e  
obvious candidate for th e  s tu d y  of InsP^ action in neurones, P u rk in je  cells 
may not be a good rep re sen ta tiv e  of the InsP^ function in th e  CNS for th e  
same reasons. Furtherm ore substan tia l differences in th e  levels of th e  
a lte rn a tiv e ly  spliced forms of th e  InsP^ recep tor occur in the  brain; one 
form with 15 amino acids deleted accounts for 75-85% of InsP^ recep to rs  
in th e  cerebellum bu t only for 12% of recep to rs in the  cereb ra l cortex 
(Nakagawa e t a l  1991). T herefore fu r th e r  stud ies  a re  req u ired  to 
ch arac te rize  p roperties  of InsP^ signal transduction  in neurones o th er th an  
P u rk in je  cells to estab lish  w hether the  adaptation seen in P u rk in je  cells 
is a general fea tu re  of all neurones.

InsPg released photolytically in the  cytosol of cu ltu red  neurones did 
not mobilise calcium. One explanation may be th a t th e  neurones s tud ied , 
hippocampal pyram idal cells, s tr ia ta l neurones, cerebellar g ranu le  cells, and 
DRGs do not have functional InsP^ recep to rs, o r th e  recep to rs  a re  
d iffe ren t from all o th e rs  stud ied . This, although possible on th e  basis of 
th e  existence of a lte rn a tiv e ly  spliced forms of InsP^ recep to r mRNAs, is th e
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less likely explanation if th e  possibility  of ’cu ltu re  a r tifa c t’ is considered. 
Numerous a lte ra tions in th e  physiological processes of cells k ep t in cu ltu re  
have been rep o rted . For example in cu ltu red  P urk in je  neurones no 
a lte ra tion  in th e  [Ca^*]. could be detected when th e  m etabotropic recep to rs  
were stim ulated (Brorson e t  al, 1991). These cells however expressed  high 
In s?3 recep to r binding s ites  and manifested an  increase in [Ca^^]. when 
they  w ere depolarised, or stim ulated with caffeine or glutam ate in th e  
absence of glutam ate channel blockers (Brorson e t  al, 1991). In co n tra s t 
to  th e  cu ltu red  P u rk in je  neurones an increase in in trad en d ritic  [Ca^^]. of 
P u rk in je  cells in th in  slices of the  cerebellum following stimulation of th e  
glutam ate m etabotropic recep to rs  has been rep o rted  (Llano e t al, 1991). In  
hippocampal pyram idal cells a ’metabotropic’ calcium mobilising action of 
glutam ate could only be detected  if a depolarising ’conditioning’ pulse was 
used to  ’fill u p ’ th e  s to res  (Murphy and Miller, 1988). The n a tu re  of th ese  
a r tifa c ts  a re  not clear, b u t could arise  from th e  lack of p roper 
d ifferen tiation  of th ese  cell in cu ltu re  in th e  absence of th e  normal 
syn ap tic  inpu ts. In o rd er to  avoid th e  possible ’cu ltu re  a r tifa c ts ’, fu r th e r  
experim ents on neurones in slices obtained from various regions of th e  
brain  should be done to explore th e  InsPg function in these  cells.
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Chapter 6 
Overview
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6. Overview

Experiments were described  during  which postsynap tic  actions of 
excita to ry  amino acids were investigated  with flash  photolysis. Post 
synaptica lly  excitatory  amino acids exert th e ir  actions by opening cation 
channels, o r activating  G protein linked ’m etabotropic’ recep to rs . The rapid  
diffusion of th e  L-glutam ate across the synap tic  cleft and its  rap id  
binding and opening of glutamate gated channels allow th e  fa s t 
transm ission  of information from one neurone to th e  o ther. The in h eren t 
delay in th e  activation of second m essenger system s by th e  m etabotropic 
recep to rs , on th e  o ther hand, allows for slower, longer lasting  modulation 
of cellular excitability and function.

To s tu d y  th e  process of fa s t synaptic  transm ission, and th e  k inetic 
of activation of recep to rs , it is inform ative if th e  action of 
neu ro tran sm itte r during  synap tic  activation can be mimicked by exogenous 
application of compounds. In th e  cen tra l nervous system  th e  specialized 
s tru c tu re  of synapses makes a diffusion b a rrie r  which re n d e rs  im practical 
rap id  and uniform application of compounds to the  postsynap tic  membrane 
by ionophoreses or o ther conventional methods. One way to overcome th is  
problem is th e  technique of flash photolysis; an inactive photolabile 
analogue of th e  neu ro transm itter is allowed to equ ilib ra te  with th e  
p reparation , and a known concentration of the  neuro transm itte r released  
with a pulse of UV light. The re su lt is a spatially  uniform rapid
concentration  step , with kinetics only dependent on th e  photolysis 
reaction, and independent of diffusion. C hapter 3 described  the
experim ents req u ired  to estab lish  th e  su itab ility  of a photolabile analogue 
of a neu ro tran sm itte r as a caged neuro transm itter. The only analogue of 
glutam ate te s ted  th a t satisfied  the  c rite ria  req u ired  for a caged glutam ate, 

1, ( 2- n itrop  heny 1 )ethoxy car bony 1 ) - L- glutamate, had a photolysis half time 
of abou t 50ms a t pH 7, too slow to allow th e  s tu d y  of th e  kinetics of ion 
channel activation under physiological conditions. The ra te  of photolysis 
of th is  compound, however, is pH dependent increasing  10 fold with one 
pH u n it drop. C hapter 4 described  experim ents during  which th e  pH
dependence of th e  kinetics of photolysis, and th e  ability  of th e  squid  gian t
sy napse  to w ithstand acidic conditions allowed the  use of caged glutam ate 
to provide good evidence for the  glutam atergic n a tu re  of th e  synapse. The 
squid  g ian t synapse  is a good example of a specialized synapse  where th e  
peculiar morphology produces an effective diffusion b a rrie r  for th e  
exogenously applied compounds and th e  experim ents described  in ch ap te r 
4 dem onstrate the  simple principle and p racticality  of th e  technique of 
flash  photolysis to overcome th e  problem of diffusion.

139



However it  is clear th a t th e  p resen t caged glutam ate does not have 
fa s t enough kinetics of photolysis to elucidate mechanism of channel 
activation, and  for th e  technique to  be used effectively  a fa s te r  caged 
glutam ate is req u ired . In addition th e  experim ents on th e  squid g ian t 
synapse  h ighlighted a general problem with th e  use of caged 
n eu ro tran sm itte rs  to mimic synap tic  transm ission utilizing th e  ap p ara tu s  
described . During synaptic  transm ission th e  neu ro transm itte r is locally 
released  in th e  synap tic  cleft, and removed rap id ly  by diffusion and active  
uptake. A pulse of UV light delivered by th e  experim ental ap p ara tu s  used 
here, on th e  o th er hand, produced photolysis of caged glutam ate over a 
much la rg e r a rea  (about 500pm diameter) resu ltin g  in th e  slower removal 
of glutam ate and activation of several synapses. In th e  gian t synapse th is  
was a p p a ren t by th e  p resence of more than  one action potential and th e  
long time course  of th e  recovery  of th e  responses. Furtherm ore if used in 
slices, a b ru p t re lease of glutam ate over a large  area  would re su lt in th e  
activation of all g lutam atergic cells p resen t in th a t a rea  and not ju s t  th e  
cell un d er s tu d y  (F igures 6.1 and 6.2).

To use  th e  technique of flash  photolysis to its  full potential when 
stu d y in g  sy n ap tic  transm ission it would be n ecessary  to re s tr ic t  th e  a rea  
of photolysis. The use of a laser as th e  light source would provide a 
columnated beam which is much easier to manipulate. This beam could be 
focused on th e  p reparation  with a high magnification objective e ither from 
und ern ea th  with th e  objective used as a condenser, or th rough  th e  
ep if luoresence p o rt via th e  objective used for viewing th e  cell. 
A lternatively a  finely tapered  light guide could be used to  d irect th e  ligh t 
to th e  a rea  of in te re s t. Practical considerations, however, need to be given 
to th e  ligh t source, material and effective coupling of optical components 
so th a t  su ffic ien t en ergy  is provided for photolysis in th e  p reparation . 
F urtherm ore th e  ap p ara tu s should be designed so th a t photolysis is 
reproducib le , and easily and accurate ly  calibrated. One method of 
p roducing  localized photolysis would be th e  use  of two photon lase r 
scanning  fluorescence microscopy (Denk e t al, 1990) w here excitation of a 
molecule is achieved only when two photons a re  absorbed  sim ultaneously. 
Once th e  technical problems of localized photolysis have been over come, 
flash  photolysis of caged neu ro transm itte rs  can be used in th in  slices of 
th e  b rain  to  investiga te  th e  mechanism of such processes as long term  
potentiation and depression by d irectly  examining th e  sensitiv ity  of th e  
po stsy n ap tic  membranes to th e  applied neuro transm itter. The technique of 
flash  photolysis can also be employed when s tudy ing  ’slow’ postsynap tic  
actions of a  neu ro transm itter. A second m essenger system  activated  by th e  
p o stsy n ap tic  stim ulation of glutam ate m etabotropic recep to rs  is th a t of
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Figure 6.1 Photolytic release of L-glutamate in a cerebellar slice.

A P urk in je  cell from a th in  slice of th e  ra t  cerebellum was 
patched and following obtaining whole cell configuration c u r re n t 
clamped. Panel A dem onstrates action potentials produced du ring  
c u r re n t  s tep s . 1.2mM caged glutam ate was allowed to equ ilib ra te  
with th e  slice for 15 minutes and th e  xenon a rc  lamp was fired  a t  
th e  time indicated by th e  arrow  (Panel B). Photolytic release  of 
L-glutam ate elicited a tra in  of action potentials which lasted fo r 
sev e ra l seconds.
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phosphoinosîtide tu rn o v e r and production of InsP^. C hapter 5 described  
experim ents d u rin g  which th e  glutam ate stim ulated processes involved in 
production of InsP^ were bypassed by in tracellu lar photolytic release of 
InsPg from caged InsPg. M icrospectroflurim etry of neurones in prim ary 
cu ltu re s  of th e  striatum , hippocampal pyramidal cells, cerebellar g ranule 
cells, and  DRGs did not detect calcium mobilization with photolytic re lease 
of up to  40pM InsPg. Lack of calcium mobilization with InsP^ in th ese  
neurones was not due to ’wash ou t’ of th e  cytosol via th e  whole cell patch 
p ipette . I t  is notew orthy th a t in cerebellar astro cy tes  from the  same 
cu ltu re s  as th e  non-responsive neurones InsP^ resu lted  in calcium 
mobilization from in tracellu lar s to res . The concentration range of InsP^ 
effective in calcium mobilization ([InsPg]>0.3pM), and the  kinetics of calcium 
tra n s ie n ts  were similar to th e  o ther non-excitable cells studied. Recent 
s tu d ies  have dem onstrated th e  existence of several a lternative ly  spliced 
forms of InsPg recep to r mRNAs. I t  is possible th a t th e  InsP^ recep to rs  
expressed  by th e  neurones in th e  prim ary cu ltu res  studied  a re  
functionally  d iffe ren t from th a t of th e  astrocy tes . A lternatively the  reason 
for th e  lack of responses in cu ltu red  neurones may be due to an a rtifac t 
of cu ltu re  condition. This should be examined by investigating  th e  action 
of InsPg in th e  same cell types in acutely  p repared  slices.

Because of th e  ease of identification, existence of high densities of 
InsPg recep to r binding sites and calcium binding proteins, and presence 
of a m etabotropic response in P u rk in je  neurones these cells were selected 
to inv estig a te  th e  p roperties of calcium mobilization by InsP^ in slices. A 
m arkedly adap ted  InsP^ signalling system  was dem onstrated to exist in 
P u rk in je  cells in acutely  p repared  th in  slices of the cerebellum, providing 
th e  f i r s t  d irec t evidence for the  calcium mobilising action of InsP^ in an 
in tac t mammalian neurone. Compared to  as tro cy tes  and o ther cells from 
periphera l tissu e , a t leat 10 fold h igher concentrations of InsP^ was 
req u ired  to  mobilise calcium in P u rk in je  cells. The resu lting  calcium 
tra n s ie n ts  following application of InsPg were larger, often g rea te r  than  
30pM, and had much fa s te r  kinetics reaching a maximum in less than  35ms 
with 38pM [InsPg]. Attempts were made to investigate  the  mechanism 
responsib le  for th is  adaptation. Experiments during  which the  cytosolic 
calcium buffering  of the  cell was manipulated indicated th a t cytosolic 
calcium buffering  is an explanation for th e  lower potency of InsP^ in th ese  
cells. On th e  basis of the  p resence and selective expression of d ifferen t 
InsPg recep to r mRNAs in d ifferen t cells, on th e  o ther hand, it is likely th a t 
th e  adap tation  seen  in the  P u rk in je  cells is due to a d ifference between 
th e  InsPg recep to r p resen t in th ese  neurones with th a t in th e  a s tro cy tes  
and p e rip h era l tissu es  studied . I t  is clear th a t a detailed characterization
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F igure  6.2 Activation of all glutam atergic neurones by flash  photolytic 
re lease  of glutam ate in a  cerehehar slice.

The same P u rk in je  cell as th a t in F igure 6.1 was voltage clamped 
a t a holding potential of -70mV. At th e  time indicated by th e  arrow  a 
pulse of near UV light was applied to th e  slice via th e  condenser, 
resu ltin g  in a large inward c u rre n t due to  activation of glutam ate gated  
channels (the am plifier is sa tu ra ted  immediately a f te r  th e  flash). Note 
th e  increase in th e  num ber of sy n ap tic  inpu ts  to th e  cell following 
application of glutam ate (p a rt b v e rsu s  a) due to activation of all th e  
glutam atergic neurones p resen t in th e  a rea  illuminated by th e  UV light.
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of th e  functional p ro p erties  of th ese  recep to rs  is necessary  before th is  
hypothesis  can be te sted  rigorously . Whatever th e  reason for the  
h e terogeneity  of InsPg action in P u rk in je  cells with th a t of o ther tissues 
stud ied , it  is a p p a ren t th a t th e  requirem ent for fa s t signalling has 
re su lted  in a system  by which an increase  in th e  cytosolic concentration 
of InsPg by stim ulation of G pro tein  linked neuro transm itter recep to rs is 
capable of rap id ly  increasing  [Ca^*].. The elevation of [Ca^*]. in sh o rt term 
modifies th e  excitability  of th e  membrane by activating  th e  potassium gated 
potassium channels, and in th e  long term  se ts  in action calcium activated 
p rocesses such  as gene tran scrip tio n , protein  syn thesis, channel 
phosphorylation and activation of pro te in  kinases.

Experim ents a re  req u ired  to examine th e  physiological conditions 
under which InsP^ signalling pathway is activated  in the  P u rk in je  cells. 
The well charac terized  c ircu itry  of th e  cerebellar slices, and the  ease in 
selective stim ulation of various pathw ays makes th in  slices of th e  
cerebellum  a good p repara tion  for th ese  experim ents. Techniques used in 
th e  experim ents described  may be combined with stimulation of various 
pathw ays provide to in vestigate  th e  sh o rt and long term effects of 
activation of th e  InsPg system  on th e  synap tic  inpu ts of the  P urk in je  
neurones. Of p a rticu la r in te re s t would be a detailed s tu d y  of InsP^ action 
in th e  d en d rite s , best conducted if time resolved imaging (with ms time 
resolution) is combined with localized photolysis of InsP^.

The functional p ro p erties  of InsP^ signalling in P urk in je  cells 
dem onstrate an adaptation  of th is  second m essenger system  to sa tisfy  fa s t 
signalling req u ired  by th ese  neurones. F u rth e r experim ents would 
determ ine w hether th is  adaptation  is only a fea tu re  of th ese  cells or is 
common to all neurones. The combination of th e  technique of flash 
photolysis with those  of m icrospectrofluorim etry and patch clamp recording  
in th in  slices of th e  nervous system  provides a powerful tool for th e  
s tu d y  of p ostsynap tic  actions of neu ro transm itte rs , and second m essenger 
system s.
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Appendix 1
The relation between th e  fluorescence em itted from  a flu o rescen t 

Indicator and concentration o f  fr e e  ion
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Appendix 1 The relation between the fluorescence emitted from a 
fluorescent indicator and the concentration of free ligand

Imagine th e  equation describing th e  binding of ligand, L, with dye,
D:

D-^L**DL

for which a t equilibrium  it may be w ritten

w here L, d, and DL are  th e  concentration of the  free  ligand, free  dye and 
bound dye respective ly  and Kjj is the  equilibrium  dissociation constan t. The 
term s D*, and DL*, th e  fractions of dye in th e  bound and unbound s ta te , 
may be defined as:

Df=D+L

o : f  ,2 ,

and re -w ritten  in term s of D*, and DL*:

(4)
D L'

The fluorescence emitted by the  dye in th e  absence of any  ligand 
^min’ th e  p roduct of th e  concentration of the  dye with its  quantum  
efficiency in th e  unbound s ta te , <j>̂:

which may be re a rran g ed  to:
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<t>0=-̂  (5)
Ut

Similarly, The fluorescence emitted by th e  dye in the presence of 
sa tu ra tin g  concentrations of the  ligand, is the  p roduct of th e
concentration  of the  dye with its quantum efficiency in the  bound sta te ,

which may be rea rran g ed  to;

<|)^=—  (6 ) 
Dt

In th e  p resence of n o n -sa tu ra tin g  concentrations of the  ligand the  
fluorescence emitted by th e  dye is the  sum of the  products of the  
concentrations of the  dye in the bound and unbound form with th e ir 
resp ec tiv e  fluorescence quantum efficiencies:

F = D  * (j>Q+D L  ♦ (|)^

This equation may be re -w ritten  by su b stitu tin g  for the  quantum 
efficiencies from equations (5) and (6 ):

But

D* = l - D L *  (8)

and equation (7) may be re -w ritten  and rea rran g ed

bu t from equation (1) we have
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th e re fo re

F - F  .mm Kr

which may be rea rran g ed  to

F-fL
L-Kjy* mm

and using  equation (8 )

F-F_.mm

-D ’* F ^ - D L '* F ^ * F ^

which using  equation (7) simplifies to:

F - F
L=Kj,* ^  (9)

This allows th e  calculation of th e  concentration of free  ligand when 
th e  fluorescence emitted by th e  indicator a t th a t concentration, F^.^, 
and  th e  a re  known. Note th a t th is  equation may be applied to any  
flu o rescen t indicator.
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Appendix 2
The minimum detectable response  as a measure o f  re la tive  p o ten cy

o f an agonist
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Appendix 2. The minimum detecable response as a measure of relative  
potency of an agonist

Let us consider a th re e  s ta te  model whereby th e  agonist A b inds to 
th e  recep to r-ch an n e i complex and re su lts  in the  channel opening:

k , (3
A + R =^===— AR AR*

k_ a
3 2 1

Where K is the  equilibrium  dissociation constan t for agon ist 
association with th e  recep to r sites and (3 and a a re  ra te  co n stan ts  for 
channel opening and sh u ttin g . The probability  of being a t each s ta te  is 
given by P^, P^, and P3, with the  sum of th e  probabilities being 1. From 
th e  law of mass action we have:

(1 )
K  P,

Let IA]/K = c Then from (1): P3 = Pg/c (2)

(3)
a  [AR\ P j

By rea rran g in g  (3): Pg = P, (a/I3) (4)

The sum of th e  probabilities is 1, therefore:

?3= 1 -  P. -

S u b stitu tin g  (2): Pg/c = 1 - P  ̂ - Pg

T herefore: Pg (1 + c) = c - P^c

S u b stitu tin g  (4): P  ̂ (a/B)(l + c) = c - P^c

And rea rran g e : P  ̂ {(a/I3)(l + c) + c} = c

But c = [A]/K. Therefore:

Pi {(a/l3)(l + ([AJ/K)) + [A]/K} = [A]/K 

By rew riting  th e  equation for [A]:
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(5)

In the  same way for an agonist B with o p en -sh u t ra te  constan ts  a’ 
and B’ and probability  of for s ta te  1, and agonist equilibrium  
dissociation constan t K* it can be w ritten:

p '

The ra tio  of th e  two agonists, [A]/[B] would be:

Agonists a f te r  binding to the  recep to r-channei complex produce a 
conformational change in th e  channel pore so th a t it becomes permeable to 
ions. D ifferent agon ists  produce the  same conformational change so th a t 
th e  conductance of th e  channel is always th e  same. The difference in th e  
potencies of d iffe ren t agonists, therefore , a rises  from differences in th e ir  
equilibrium  dissociation constan t for agonist binding with th e  recep to r site, 
and th e  equilibrium  in th e  channel opening and closing a/B. The channel 
o p en -sh u t equilibrium  constan t determ ines th e  proportion of th e  channels 
which would be open if all th e  recep to rs  were occupied (given by B/(a+B)).

Let us for a moment consider equation (6 ) where concentrations of 
agon ists  [A] and [B] a re  sufficiently  low so th a t  the  probability  of open 
channel is v e ry  small. Since it is reasonable to assume th a t a/B and a ’/B’ 
a re  small, we can rew rite  equation (6 ), ignoring th e  term s P^, P(, P^(a’/B’) 
and Pj(a/B):

Equation (7) indicates th a t th e  concentration ra tio  of th e  two 
agon ists  is d irec tly  proportional to th e  ra tio  of th e ir  agonist equilibrium  
dissociation constan t and th e  ratios of th e  channel o p en -sh u t equilibrium . 
In ano ther words, th e  ra tio  of th e  two agonists is proportional to  th e  ra tio
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of th e ir  potencies, and th e  e r ro r  in th e  potency ra tio  a rises  from th e
e r ro r  in estim ation of and P^.

In  o rd e r to  have an estim ate of th e  potency ra tio  of caged glutam ate 
and L-glutam ate th e  minimum concentration  of glutam ate req u ired  to 
p roduce a detectab le  response  was obtained. Granule cells from prim ary 
c u ltu re s  of cerebellum were whole-cell voltage clamped (holding potential - 
70mV) and L-glutam ate was applied via a p re ssu re  puffer in absence of 
added magnesium. Activation of a few glutam ate-gated channels was 
detected  during  puffer application of lOOnM (6 /6  cells), bu t not 50nM L- 
glutam ate (1/7 cells responded). On th e  o th er hand no response  could be 
detected  with pu ffer application of up to  ImM caged glutam ate (0/8 cells). 
If it is assum ed th a t th e  minimum concentration  of L-glutam ate to produce 
a detectab le  response  in th e  absence of added magnesium ions was lOOnM, 
th en  a potency ra tio  of caged-glutam ate/L -glutam ate of ImM/lOOnM is 
obtained. I t  is most likely th a t th e  channels activated  in th e  absence of 
magnesium ions a re  the  NMDA channels. Therefore caged glutam ate is a t
least 10000 less potent than  glutam ate as an agonist a t  th e  NMDA channels.
Similarly th e  minimum concentration  of L-glutam ate to produce a detectable  
response  in th e  p resence of ImM MgCl^, 50pM, was obtained, and it  was 
concluded th a t caged glutam ate is a t  least 200 less potent as an agon ist 
a t  th e  non-NMDA sites  compared to L-glutam ate. E rro rs  can a rise  from the  
d iffe ren t num ber of functional recep to rs  expressed  on each cell, as  well 
as th e  c r ite ria  se t for a detectab le  response.
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