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Dissociation of Synchronization and Excitability 
in Furosemide Blockade of Epileptiform Activity 

Daryl W. Hochman, Scott C. Baraban, James W. M. Owens, 
Philip A. Schwartzkroin* 

Furosemide, a chloride cotransport inhibitor, reversibly blocked synchronized burst 
discharges in hippocampal slices without reducing the pyramidal cell response to single 
electrical stimuli. Images of the intrinsic optical signal acquired during these slice 
experiments indicated that furosemide coincidentally blocked changes in extracellular 
space. In urethane-anesthetized rats, systemically injected furosemide blocked kainic 
acid-induced electrical discharges recorded from cortex. These results suggest that 
(i) neuronal synchronization involved in epileptiform activity can be dissociated from 
synaptic excitability; (ii) nonsynaptic mechanisms, possibly associated with furo-
semide-sensitive cell volume regulation, may be critical for synchronization of neuronal 
activity; and (iii) agents that affect extracellular volume may have clinical utility as 
antiepileptic drugs. 

Th e two primary features that characterize 
seizure-associated ("epileptiform") electri
cal activity in the brain are hyperexcitabil-
ity and hypersynchronization (I). Although 
either of these features alone might be suf
ficient for the development and spread of 
epileptiform activity, it has not been possi
ble to dissociate them clearly in experimen
tal models of epilepsy. Much basic research 
on epileptogenesis has focused on synaptic 
mechanisms underlying changes in excit
ability (2), but some studies have suggested 
that nonsynaptic mechanisms might be suf
ficient to produce hyperexcitability or hy-
persynchrony. For example, exposing hip
pocampal slices to Ca2+-free medium abol
ishes synaptic transmission but produces 
synchronized burst discharges in the CA1 
subfield (3). Investigators have argued that 
this synchronized activity is mediated by 
ephaptic interactions among the densely 
packed CA1 neurons (4). More generally, it 
has long been supposed that changes in the 
extracellular space (ECS) could play an im
portant role in modulating normal activity 
and contributing to pathological levels of 
excitability or synchronization in the cen
tral nervous system (5). 

A number of studies have indicated that 
a major component of ECS volume regula
tion under normal and pathological condi
tions is glial dependent (6), and that the 
furosemide-sensitive Na,K,2Cl cotrans-
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porter plays an important role in this func
tion (7). In tissue slices, changes in ECS 
volume associated with synaptic activity 
can be monitored by measuring changes in 

A Control 

tissue light-scattering or reflectance (intrin
sic optical signal) (8). Stimulus-evoked 
changes in light transmission through the 
CA1 region of hippocampal slices are 
blocked by furosemide (9), but furosemide-
treated tissue continues to show normal— 
or even enhanced—excitatory synaptic re
sponses (9-11). Because the effect of furo
semide on the ECS suggests a blockade of 
nonsynaptic synchronization mechanisms, 
but its effect on individual neurons suggests 
an enhancement of synaptic excitability, we 
performed a series of studies using hip
pocampal slices to investigate the effects of 
furosemide on epileptiform discharges. To 
this end, spontaneous epileptiform activity 
was elicited by a variety of treatments {12). 

In the first of these procedures, episodes 
of afterdischarges were evoked by electrical 
stimulation of the Schaffer collaterals {12, 
13), and the extracellular field response was 
monitored in the CA1 pyramidal cell re
gion. The CA1 response to synaptic input 
was first tested by recording the field poten
tial evoked by a single stimulus pulse. In 

5mV 
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B Furosemide 1 

C Wash 

2 

2.5 mV |_ 
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2 

2 

^ r f t f ^ ^ 

II 

Fig. 1. Effect of furosemide on stimulation-evoked afterdischarge activity. (A) Two seconds of stimula
tion-elicited afterdischarge activity. (A1) The CA1 field response to a single 200-fxs test pulse (artifact at 
arrow) delivered to the Schaffer collaterals. (A2) A typical afterdischarge episode recorded by the 
extracellular electrode (baseline shown by horizontal arrow). (A3) A map of the peak change in optical 
transmission through the tissue (reflecting a decrease in extracellular space) evoked by Schaffer collateral 
stimulation; the region of maximum optical change (red, yellow) corresponds to the apical and basal 
dendritic regions of CA1 on either side of the stimulating electrode (position indicated by white arrow). (B) 
Responses to stimulation after 20 min of perfusion with medium containing 2.5 mM furosemide. (C) 
Restoration of initial response patterns after 45 min of perfusion with normal bathing medium. For this and 
the following electrophysiological recordings, negative polarity is downward. 
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normal bathlng medium, Schaffer collateral 
stimulation evoked a single p o p ~ ~ l a t i o n  
spike (Flg. 1 A l ) ;  tetanic stimulation 
evoked -3L7 s of aftenlischarge (Fig. 1'42) 
associated \\lit11 a large change in intrinsic 
signal (14) (Fig. 1,43). After 10 lnin of 
17erfusion vvith 2.5 mM fllroselnide added to 
the  bathing medi~lm, afterdischarge activity 
anil associated optical changes \Yere corn- 
pletely blocked (Fig. 1, B2 and B3). Hon-- 
ever, a t  the same time, multiple population 
spikes \vere elicited by the  single test pulse 
(Fig. 1 B I ). Furosenlide \vashout reversed 
these changes (Fig. 1C) .  These opposlng 
effects of furosemide-blockade of the 
stimulation-evoked afterdlscharges and a 
collcolllitallt increase of the  synaptic re-. 
sponse to a test pulse-~llustrate the tn.o 
key results that were observed in all of our 
in vitro models: ( i )  furoselnide hlocked ep- 
ileptiform activity, and (ii)  synchronization 
(as reflected in spontaneous epileptiform 
activity) and excitability (as reflecteii in the 
response to a single synaptic input) \vere 
dissociated. Additional experi~llents in 
\vhich the  dose dependency of fi~rosemiile 
\vas examined deter~llined that a minimum 
hat11 coilcelltration of 1.25 mh4 \vas re- 
quired to  block hot11 the afterdischarges and 
optical changes. 

In a second series of slice experiments, 
spontaneous syncl~ronise~l bursting activity 
\vas generateil in slices pe r f~~sed  \vith high- 

K+ (1L7 ~ l l h l )  bathing 111eili~1ln (1 5). S l~ces  
were rerfilseil with 111ch-K+ meilium ~ ln t i l  
esteniled periods of sl2ontaneous ~nterictal-  
like h ~ ~ r s t i n g  were recorcieii s i m ~ ~ l t a n e o ~ ~ s l ~  
in C A I  and CA3 pyramidal cell reglons 
(Fig. 2A1) .  After 15 ~ n i n  of perf~~sion n.ith 
furosemide-containl~lg meiii~lm (2.5 lllM ~ L I -  

rosemicle), the  burst discharzes increaseil 111 

magnitude (Fig. 2A2). Hon.ever, after 45 
nlin of f~~rosemide perf~~sion,  the bursts \\.ere 
hlocked in a reversible lnanner (Fig. 2, A 3  
and A4) .  During t h ~ s  entire s e ~ l ~ ~ e n c e  of 
f~lrosemide perf~~sion,  the synaptic response 
to  a single test pulse iiehvereil to the Schaf- 
fer collaterals \vas elther ~ ~ n c l ~ a n g e i i  or en- 
hanceil during the  fi~rose~niile h1i)ck. T h e  
initial increase in discharge a m p l i t ~ ~ d e ,  as 
well as the  enllanced synaptic response to 
single stimuli, likely reflected a fllrosem~de- 
in i i~~cei l  decrease in inhil~ition result~ng 
fronl a iiepo1ari:ing shift in the chloriLle 
eiluilibrium potential ( 1  i?, 1 1  ) .  

Sinlilar stuiiies were performed ~ v i t h  a 
variety of other csmmonly used in vitrc 
models of epileptifor~ll discharge ( 3 ,  16- 
19).  Hippoca~n~~a l -en tc>r l~ i~~i i l  slices \Yere 
hatlleii 111 medium from \vhich Mg2+ had 
heen omitteLl ( 0  Mg2') and recording? \Yere 
c~htained from entorhinal cortes (Fi?. 2B1). 
After 3 hours of perfilsio~n 1~1th 0 Mg", 
slices ilevelol~eil hursting l~atterns that ap- 
p e ~ r e d  sinlilar to previo~~sly iiescriheci ",In- 
ticonv~llsant resistant" bursts (16) .  O n e  

Fig. 2. Furosemlde block- A c 1 1 1  
ade of spontaneous epl- f ,  b---L 1 i , ! ! 1 ! ! 1. 
leptform burst dscharges 1 - - --- - . I 1 I I 

In a varletv of In vltro mod- 2 

eis. (A) Epileptiform activi- 
ty was induced by slice 
perfusion with bathing 
medium containing 10 
mM K+. Field recordings 
were obtained simulta- 
neously from CA3 (top 
trace) and CAI (bottom 
trace) pyramidal cell ay- 
ers. (Al) Spontaneous 
synchronous bursting was 
elicited before the addition - 
ot furosemlde to the re- F 
cordng medum (A2) Af 1 , , /WHk 
ter 15 mln of ~erfuslon \ 
with furosemide i2.5 mM), 

2 2 _-- 
the bursts occurred with 2 s 10 s 
increased magnitude. (A3) i l  mV 1 5  mV 
After 45 min of furosemide 
perfusion, spontaneous bursts were blocked, (A4) Recovery of the high K+-induced bursting pattern was 
seen within 1 hour of return to perfusion with normal bathing medium. (B) Prolonged periods of bursting 
actvity were recorded extracellularly from the entorhinal cortex (Bl) after 3 hours of petiusion wlth bathing 
medium containing no Mg2+. This discharge pattern was blocked (B2) after 60 min of perfusion with 
medium containing 2.5 mM furosemde, (C) In bathing medium containing 200 pM 4-amino pyridne. 
spontaneous synchronous bursts were recorded in CA3 (Cl):  after 30 min of exposure to 2 5 mM 
furosemde. this activity was blocked (C2). (D) Bicucull~ne (1 00 pM; CA3 recording) and (E) 0 mM Mg2- 
(1 hour; CAI recording) treatments also gave rise to epileptiform discharges that were blocked by 
furosemide (2.5 mM). (F) Tissue treated with bathing medium containing no Cai- (and added EGTA) 
showed slow. rhythmic membrane potential shifts in CAI (F1); these nonsynaptcaly mediated epilepti- 
form events were completely blocked (F2) after perfusion wth furosemide (5 mM). 

h o ~ l r  after the aiid~tion ot hri)semicie to the 
liathing meiiium, these bursts n.ere hlockeil 
(Fig. 2B2). Fnrosemliie also blocked s p n -  
t a n e o ~ ~ s  bnrst discharges obser\-eii with the 
fc)llo.ivi~~g aiiiiitiolls or nloiiifications to the 
h a t h ~ n g  meclium: ( i )  ailiiltion of 200 to 300 
p h l  4-am~noliyridine (4-AP, a potassium 
channel blocker) (1 7) (Fig. 2C);  (i i)  adili- 
tlon of 50 to  100 p m  b i c ~ ~ c ~ ~ l l i n e  [a y-ami- 
nol~utyric acid A (GABA,) antagonist] 
(18)  (Fig. 2D); (iii) remo~.al of Mg2+ ( 0  
A/lg2+) (19)-1-hour perf~~sion (Fig. 2E); 
anil ( ~ v )  removal of Ca" plus extracellular 
Ca" chelatlon (L? C a 2 + )  (3)  (Fig. 2F). 
Wi th  each of these m ~ n i p ~ ~ l a t i o n s ,  sponta- 
neous ~nterictal-like pc~t terns  \vere >im~llta- 
neo~~s l \ i  recoreled frL)m the C A 1  anil C A ?  
suhfield? (FIR. 2, C anrl D, she\\-s only the 
C A ?  trace, anii Fig. 2,  E anil F, sho~v? only 
the C A 1  trace). In the L? C a 2 +  esperiments, 
5 nlM ti~rosemide I~lockecl the bursting \vith 
a latenc\i of 15 to 20 min. For all other 
p ru toc~ l s ,  I~ursting \\.as bloclteil hy 2.5 nlM 
furo~erniile \vith a latenc\i of 20 ti) 6L? m ~ n .  
Al tho~lgh each moilel of epileptiform activ- 
ity is t h o ~ ~ ~ l l t  to involve different physio- 
logical nlecllanis~ns ( 1 ,  2 ) ,  fi~rosenliJe 
l~lockcil the spon taneo~~s  h~lrsting act~\.it\i 
in all ex l~e r~ments  (Fig. 2, C to F). 

Given the generality of this f~lri)semide 
effect in vltro, Lve carrieci out a parallel stuJy 
o n  an in vivo model (2L7) in vvhich epilepti- 
for111 activity n;ls inil~~ceil  by ~ n t r a v e n o ~ ~ s  
injection of kainic acid (KA) into anesthe- 
tized rats (21) (Fig. 3) .  In thi? moilel, i n t e n ~ e  
e lect r ic~l  ilischarge (electrical "status epilep- 
t i c ~ ~ ~ " )  ccln he recordeil f r ~ m  the cortex 30 to 
6L? Illin after KA injectic\n (Fig. 3B). Control 
esperiments [anil pre\.ious reports (21)] 
bllo\\.ed that this status-like activity was 
maintnineil for over 4 hours. In t raveno~~s 
inject~ons of f~lrc\semiile hlocked KA-in- 
duced seiz~lre activity \vith a latency of 30 to 
45 ,,in, often producing a relatively flat 
e1ectri)encephalogram (EEG) (Fig. 3, C and 
D ) .  Even 90 nlin after the f~~rosemiile injec- 
tion, cortical ~c t iv i ty  remaineil near normal 
h,~scline levels (that i.;, that ol~?ervecl liefore 
the KA anii filn)iemide injections). Pharma- 
cc\l<illetic st~lclies of f~~rose~llicle in the rat 
suggest that the dosages usecl in our esperi- 
lnelltb \?ere helo\v tosic levels (22).  

Theye esperi~nents >hen that f~lro- 
sellliiie, ;I chloriile corral 1 ~ ; ~  \ T  \ J tt i l  ~> . antagc\ni~t 
and c i~mmon loop iIiuret~c, 'kan hlock e p -  
lel7tiform acti\.ity in a ~vjiign\.ariety of ex- 
perimental model?, even t h o ~ l ~ h  a .;yectrum 
of ciifferent Cllysic\logical mech,~nisms is 
thought to proil~lce the spontaneous h~ l r> t  
discharges assi)ci,lteil with c ~ c h  of the  moil- 
els that \vc tested. This fincling suggests that 
f~lrc\semiile might act on a commi)n mech- 
a n i ~ m  that 1s necessary for the generation of 
sync11roni:eii liursts. S ~ ~ c l l  a mechanism i? 
11ltely to lie nonsynal~tic hec,~use hlrosemide 
did not hlock svnaptlc responses to electri- 
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cal s t i m ~ ~ l ; l t ~ o n ,  I311t d ~ i l  I~locl< epilept~fbrm 
Jibcharge in L? C;i2+ (\\-here synaptic acti\.- 
ity iy ahsent).  Further, ~ l t h ~ i ~ g h  fi~rc>sem~ile 
treatment bloclteil spontanecxls epi1eyt1- 
form actlI.lt\i, ~t \\.as also c~ften assoclateii 
\\.it11 a " h \ ~ ~ e r e s c ~ t e d "  s \ ina~ t i c  response 
( I ? ,  11) .  Thus,  fllrose~nlde i l ~ < s o i ~ a t e s  a 
pure L I I ~ S ~ ; I S C  111 sy11'1pt1c e x c i t a h ~ l ~ t y  fro111 
tile l ~ y ~ ~ e r s y ~ ~ c l ~ r o ~ ~ i : ~ l t i c , n  that character~zes 
all forma of sei:ure acti\.itv. 

R'e p r o p o e  that the non~ynap t i c  mech- 
,~nismi; that ~lniierlie h~rosemide's actloll are 
related to cell \.oli~nle regulation, anLl in 
particular to gllal s ~ v e l l ~ n g  (7, 9) .  This hy- 
potllesis is supportcii hy our o l ~ \ e r v a t ~ o n  
tl1'1t s t ~ ~ l l ~ ~ l a t ~ ~ n - i ' v i ) k e i l  cha~lces  ill ol't~cal 
transmission throqgh the s l ~ c e  tissue \Yere 
hlocked coinc~ilentall \~ ~ v l t h  the f ~ ~ r o s e m ~ i l e  
block of spontaneoui ilischarges, 2nd I.; con- 
bistent with previous f~ndin,us that alter- 
atlolls In oslllolarlty can block spontclneous 
hursta in jome models of epilepsy (1 5 ,  23- 
26).  Inilee~l,  hyperi>smotrc conilitionh have 
lice11 sllc1\\.11 t c  ~lecrease e le~trogra~phic  
hraiil activitv a n ~ i  r e ~ l ~ ~ c e  the  likelihood i ~ f  
the ile\.elopment i ~ f  seizure a c t i ~ ~ t y  (24-  
26), whereas Ily~>o-oamotic c o n t l ~ t ~ o n a  havc 

, A  

the  i)ypi>site effects (27). In esperimentcll 
moilels of st,itus epilepticus, seizure ,lctivity 
call l ~ e  blocked by mtravenoLls injection o t  
m, lnn~tol  (24 ) ;  t h ~ \  effect is s~milar  tc  tlicit 
acliie\.eci 1~y intrax enoili i ~ l j e c t ~ o ~ i  of ilre,i in 
l i i~man  p,itients (25 ) .  T h e  tre,ltment 111 

e;ich ot these cases Incrca.;es the  osmola r i t~  
ot  tlic bloL)d a ~ i J  cxtrncellular i i ~ ~ ~ i ,  resillt- 
In. in n-ater ef f l i~r  frL>m cells ,~nci an  in- 
cre,lse in ECS. Because fi~rosemide is ilsed 
.,ifely ,I\ ;I cu1n1nu111~ prescr~l~eil  J i i~re t ic ,  
our reiults suggest that ~t or other rel,itecl 

Fig. 3. Furosemide blockade of KA-evoked elec- 
trcal "status epilepticus" in a urethane-anesthe- 
tized rat. Corical EEG was recorded continuously 
during 3 to 4-hour experilnents (A) Baseline EEG 
activity before KA injection (B) Seizure-like EEG 
pattern, 60 inin after KA injection (12 mg/kg. in- 
travenous). (C) Furoseinde blockade of seizure- 
like EEG activity. 120 lnin after KA injection and 20 
lnin after furoselnlde administrailon (tbvo njec- 
tions, each 20 mglkgj. (Dj Complete furoseinide 
blockade of the sezure-l~ke EEG act~vity. 30 mln 
later (1 50 m n  after KA injection). The KA-nduced 
sezure-lrke EEG patter17 was associated with an 
Increase in heart rate (31), furosemide had no fur- 
ther effect on ECG. 

comrouniis micht find cli~lical  utility ,I\ 

antiepileptic agents. For e saml~ le ,  acetazol- 
ami~ le  ( A C Z ) ,  another ilinretic n i t h  a ilif- 
ferent mechan~snl  of ac t l i~n  i ~ n h i h ~ t i o n  of 
C;ISITOI~LC anhy~l~.;lse), has heen ti~iileLl eu- 
perimentnllv 1111 a ~ l t ~ c t > ~ l \ . i ~ l s ; ~ n t  anii is 
used c l ~ n ~ c a l l \  o n  '1 I~mlteil h,is~s (I'd). 

Se~.er;il h\-oi~theses ci~lilii es17l;lln hen. 
, A  

c l l , ~ n g ~ s  in cell \.c>lurne m ~ g h t  ;~ffect neilro- 
n;ll s y n c h r ~ ~ ~ ~ ~ : a t ~ \ n  anii exci ta l~i l~ty:  ( i )  
Cell s\\-elling and resultant ECS s11r~nk;l~e 
111,1y c~lilie ,111 i ~ l e r ~ ~ l s e ~ l  rcai.;ti~.~ty of the  
EC:S and t h ~ ~ i  enhance eph;rpt~c interac- 
tl011s ( 4 ) ;  ( ~ i )  Ion channels-in either gli ,~ 
or I ~ c ~ I s ~ I I Y - I ~ ~ ; ~ ~  he I I I C C I I ~ I ~ O \ ~ ~ S I ~ L V C '  Y O  

that  chance.; in osmotic or h y L l r o ~ t a t ~ c  pre>- 
S I I ~ C  co111J leail to altereii 1.oltage- or llgand- 
gated clla~lllel  prcq~ertie\ (29) ;  and (111) cell 
.;\velllng ma\; mei l~ate  the relea>e or uptake 
of neuro;rcti\.c suhst~ncc.;  I>y glial cells (30). 
Althouirh ~ ~ n i l e r l v i n ~  mt.ch;lnisms ,lnii con- , L, 

seilucnccs i ~ f  g11,il anil ncul-cillal cell swelling 
i111ii eutracel1ul;rr \;i>lu~ue chanties are not 
yet comllletely ~ ~ n ~ i e r j t o o i i ,  our sti~iires sug- 
gest that m o ~ l ~ ~ l a t i i > n  of the ECS can play a 
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the nli lb~tory currents in hppocampa sllces w~ t l i  a 
latency 1 '15 11ilnl s lmar to the thme to onset oi 
illcreased exctablty obser~ed In our s t ~ ~ d y .  

Sprag~~e-Dawey rats (vale and female: 25 to 35 days 
old) were prepared as described [A. K. Agha!anan 
a~icl K. Pasriiussen, Sv~~apse 31, 331 (1989): P. S. 
Suckvaster B W Strowbr~dge, P. A. Scliwartz- 
kro~n, J hleu;nphysrol 70. 1281 11993)l In vos t  
sl~ce exper~merits, s~m~~ltaneous extracellular f~eld 
electrode recordngs were obtaned froln CAI  and 
CA3 areas For st~rnulat~on-evoked afterd~scharge 
11 3 sl~ces, 8 anvals) the concentraton of Mg' - n 
tlie bathtig r n e d ~ ~ r n  was reduced to 0 9 mM A bl- 
polar t~~rigstel i  stlnulatng eectrocle bvas placed on 
the Schaffer coateras to evoke synaptically clrlven 
f~eld responses r i  CA I ;  s t m u  conssted of 100 to 
300-1~s-durat~o~i pulses at an ntens~ty of f o ~ ~ r  tlnes 
populat~on-sp~ke threshold. Aiierdiscliarges bvere 
evcked by a 2-s tran of s ~ ~ c h  s t m u  deverecl at 60 
Hz Spontalieous interictal-like bursts were ob- 
server! iri slces treated witli tlie following i iodi fca- 
i ~ o ~ i s  or aclcl~tions to the bathing ;medi~~rr;: 10 rmivl K 
1s:; slces. f o ~ ~ r  anmals, average 81 bursts'mn), 200 
to 300 ILM 4-AP lfour slces: tbvo anmals, average, 
33 bursts/mn). 50 to 100 ILM b c ~ ~ c u l l n e  lfour slces: 
three anmals: average. 14 bursts'i in). 0 mM ivlgi 
111 hour of perfusio~i) three slces; tbvo anmals, aver- 
age, 20 bursts'ln~n: 13 hours of perfusion) two slices. 
two an~vals], 0 mivl Cap '6 mivl KC1 and 2 niM 
EGTA lfour sl~ces, tliree anrnas). In a treatments. 
pelius~on b ~ t h  furosenide-co~ita~n~ng riied~um bvas 
begun after a cons~stent level of burst~ng hacl been 
estab~shed 
S F Stasheff. A C.  Bragdon, ' f l  A. ' f l s o n  3ra1,n 
Res 344. 296 11985). 
For lnagng of Intrinsic optcal sglials, the t s s ~ l e  was 
u m n a t e d  b ~ t h  a bearii of bvlite l~ght (tungsten f a -  
tnent I~glit ancl lens system, Dedotec USA, Loci. NJ) 
clrected tlirough the mcroscope condensel The 
I~ght was controlled and regulatecl (power supply 
Landa Electronics. Me l ve ,  NY) to vn in i ze  factua- 
tons and filtered (695 nm long-pass) so tliat the s c e  
v'ias transillum~nated w t l i  long v~iavelengtlis rrecl). In- 

aqe fralnes were acq~rred with a charge-coupled 
clevce camera (Dage-IA4Tl) at 30 Hz and were dg l -  
tzed at 8 b t s  w t l i  a spata resolution of 512 by 4 0  
p x e s  by means of an magnc, Technology Seres 
151 magng  systern, gans and offsets of the cam- 
era-control box and the analog-to-dgta board v'iere 
adjusted to optmze the senstvity of the system. 
mac,nc, hardware was contloled by a 486-PC- 
cornpatue compilter runnlng software v'ir~tten by D. 
Hochman ancl developed with commerc~ally a v a -  
able software tools (I\/l~crosoft's C!C+ i comper  
and magng  Technoloc,y's TEX bran]). To ncrease 
s~gnal-to-nose rato all averaged mage was corn- 
posed from 16 individual imac,e-frames, inksrated 
over 0 5 s and averased together An expermental 
serles typcaly nvoved the contini~oils acqusition of 
a seres of averaged images over a several mnute 
t ~ n e  per~od, at least 10 of these averaged mages 
were acqurecl as control mages before stmuation 
Pseadocolorecl images were ca,cuated by subtract- 
nc, tlie f~rst control mage f r o~n  subsequently ac- 
c1~11red mages and assic,nnq a color lookup table to 
the p ~ x e  values For these ~nages,  usilally a near  
low-pass f t e r  was used to relnove high-frequency 
nose and a )near-hstoyram stretch v'ias used to 
)nap the p x e  values over the dynamic range of tile 
system, A operatons on these Imac,es were near  
so that q~ranttative inforlnaton was preserved 
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For the in v~vo stud~es. Sprag~re-Dav'iley rats [four 
anmals 250 to 270 gl were anesthetzed w t h  ure- 
thane [ I  25 g per kograln of body weic,ht, ntraper- 
tonea I p.)] and anesthesa was mantaned by ad- 
d t ~ o n a  urethane njectons 10.25 y~kc,  1.p.) as need- 
ed Body temperature was monitored v'iith a rectal 
temperature probe and mainta~ned at 35" to 37'C 
w ~ t h  a Iieatng pad. Heart rate ~eectrocardiogram, 



ECG) was mon~tored cont~nuously The jugular veln 
was cannulated on one s~de for intravenous (I.v.) 

drug admlnlstratlon. Rats were placed ~n a Kopf ste- 
reotaxic device (with the top of the skull level), and a 
b~polar stainless-steel microelectrode Insulated to 
0.5 mm of the tip was Inserted to a depth of 0.5 to 
1.2 mm from the cortical surface to record electro- 
encephalographic (EEG) activity In the fronto-par~etal 
cortex. Data were stored on VHS v~deotape and an- 
alyzed off-he. After the surgical preparation and 
electrode placement, anlmals were allowed to recov- 
er for 30 min before the exper~ments were ~n~t~ated 
with an injection of ka~nic acid (10 to 12 mg/kg, I.v.). 

Intense electrographic seizure activity, an Increased 
heart rate, and rap~d movements of the v~brlssae 
were induced with a latency of about 30 min. Strong 
nociceptlve st~mulation of the h~nd paw was per- 
formed intermittently to ensure that no response was 
produced, indicating that a sufficient level of anes- 
thesia was maintained [S. C. Baraban, R. L. Stor- 
netta, P. G. Guynet, Brain Res. 676, 245 (1995); R. 
S. Slovlter, Hippocampus 1, 31 (1 991)l. Once stable 

electrical seizure act~v~ty was ev~dent, furosem~de 
was delivered ~n 20 mg/kg boluses every 30 min up 
to a total of three injections. Exper~ments were ter- 
mlnated with the i.v. administrat~on of urethane. An- 
imal care was ~n accordance with NIH guidelines and 
approved by the University of Washington An~mal 
Care Committee. 
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Discrete Cortical Regions Associated with and ac t ion  because evidence f rom monkeys 

(5) and humans (6-8)  suggests tha t  the  
Knowledge of Color and Knowledge of Action percept ion these attributes is mediated, 

in part, by  discrete regions o f  t he  posterior 
Alex Martin,* James V. Haxby, Franqois M. Lalonde, cortex. In humans the syndrome o f  acquired 

Cheri L. Wiggs, Leslie G. Ungerleider color blindness, o r  achromatopsia, has been 

found after damage t o  t he  fusiform and 

The areas of the brain that mediate knowledge about objects were investigated by l ingual  gyr i  o n  the  ventral  surface o f  t he  

measuring changes in regional cerebral blood flow (rCBF) using positron emission to- occipi ta l  lobes (6, 7 ) ,  whereas acquired mo-  

mography (PET). Subjects generated words denoting colors and actions associated with t i o n  blindness, or  akinetopsia, follows a 

static, achromatic line drawings of objects in one experiment, and with the written names more dorsally located lesion at  the  junc t ion  

of objects in a second experiment. In both studies, generation of color words selectively o f  the  occipital, ~ a r i e t a l ,  and temporal  lobes 

activated a region in the ventral temporal lobe just anterior to the area involved in the (7, 8). Converg ing evidence that  these re- 

perception of color, whereas generation of action words activated a region in the middle gions are specialized for t he  percept ion o f  

temporal gyrus just anterior to the area involved in the perception of motion. These data color and mot ion ,  respectively, has been 

suggest that object knowledge is organized as a distributed system in which the attributes p o v i d e d  by  funct ional  b ra in  imaging stud- 

of an object are stored close to the regions of the cortex that mediate perception of those ies o f  normal  individuals (9, 10). Moreover, 

attributes. reports o f  patients w i t h  selective di f f icul ty 

retr ieving in format ion  about object-associ- 

ated color (2) or  ac t ion  ( 3 ) ,  wi thout  corre- 

sponding deficits in perception, suggest tha t  

D u r i n g  our l i fetimes we acquire knowledge tributes tha t  define a n  object are represent- knowledge o f  these attributes also may be 

about a tremendous number o f  concrete ed close t o  t he  cort ical  regions that  mediate mediated by dist inct  b ra in  areas (1 1 ). 
objects. Th i s  knowledge includes n o t  just percept ion o f  those attributes. In the first study (12), achromatic l ine  

t he  name, bu t  also t he  physical features W e  chose t o  study knowledge o f  color drawings o f  common  objects were present- 

( f o rm  and color)  and funct iona l  properties 

(uses) tha t  def ine each object. W h e n  a n  

object is seen o r  its name read, knowledge A B C 
o f  these attributes is activated automatically Left middle 
and wi thout  conscious awareness (1). In temporal gyrus 
addit ion,  t he  abi l i ty  t o  retrieve in format ion  

about a specific at t r ibute o f  a n  object can be 

selectively disrupted by  a focal b ra in  lesion 

(2, 3). These findings suggest tha t  object 

knowledge is stored in the b ra in  as a dis- u 2 
I 

t r ibuted network o f  discrete cort ical  areas a, 

(4). However,  d i rect  evidence for t he  exis- Action Color 

tence o f  such a network  in the normal  

human brain has n o t  been reported, n o r  Fig. 1. (A) Lateral view of the left hemisphere showing regions of increased rCBF when subjects generated 

have the component areas of the network color words (green) and action words (gray) in comparison to object naming. Dark blue regions show areas 

been identified, we show, using positron of overlap. (B) Coronal section 50 mm posterior to the anterior commissure showing locations of bilateral 
fusiform and left parietal lobe activation during color word generation, and left temporal and parietal 

emission tomography (PET)' that the at- activations during action word generation. Shown are all pixels that exceeded a threshold of Z = 2.58 (P 

~ ~ b ~ ~ ~ t ~ ~  of psychology and psyc~opat~o~ogy, ~ ~ ~ i ~ ~ .  < 0.005, one-tailed). (C) Percent change in rCBF, relative to object naming, at the site of peak activity in the 
al Institute of Mental Health, Building 10, Room 4C110, left middle temporal gyrus (open bar) (-50, -50, 0) and left fusiform gyrus (closed bar) (-46, -46, -1 2) 
10 Center Drlve, MSC 1366, Bethesda, MD 20892-1366, shown in (B). Bars represent mean percent change in rCBF 2 SEM. Analysis of variance indicated that 
USA. rCBF at these sites was modulated by the type of word that subjects generated [site X task interaction 
'To whom correspondence should be addressed. F (1 , l l )  = 21.66; P < 0.001]. 
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