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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; (i) nonsynaptic mechanisms, possibly associated with furo-
semide-sensitive cell volume regulation, may be critical for synchronization of neuronal
activity; and (jii) agents that affect extracellular volume may have clinical utility as
antiepileptic drugs.

The two primary features that characterize
seizure-associated (“epileptiform”) electri-
cal activity in the brain are hyperexcitabil-
ity and hypersynchronization (1). 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 Ca?*-free medium abol-
ishes synaptic transmission but produces
synchronized burst discharges in the CAl
subfield (3). Investigators have argued that
this synchronized activity is mediated by
ephaptic interactions among the densely
packed CAl 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
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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 CAl 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

A Control 1 2
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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- s 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 bathing medium, Schaffer collateral
stimulation evoked a single population
spike (Fig. 1A1); tetanic stimulation
evoked ~30 s of afterdischarge (Fig. 1A2)
associated with a large change in intrinsic
signal (14) (Fig. 1A3). After 10 min of
perfusion with 2.5 mM furosemide added to
the bathing medium, afterdischarge activity
and associated optical changes were com-
pletely blocked (Fig. 1, B2 and B3). How-
ever, at the same time, multiple population
spikes were elicited by the single test pulse
(Fig. 1B1). Furosemide washout reversed
these changes (Fig. 1C). These opposing
effects of furosemide—blockade of the
stimulation-evoked afterdischarges and a
concomitant increase of the synaptic re-
sponse to a test pulse—illustrate the two
key results that were observed in all of our
in vitro models: (i) furosemide blocked ep-
ileptiform activity, and (ii) synchronization
(as reflected in spontaneous epileptiform
activity) and excitability (as reflected in the
response to a single synaptic input) were
dissociated. Additional experiments in
which the dose dependency of furosemide
was examined determined that a minimum
bath concentration of 1.25 mM was re-
quired to block both the afterdischarges and
optical changes.

In a second series of slice experiments,
spontaneous synchronized bursting activity
was generated in slices perfused with high-

Fig. 2. Furosemide block- A
ade of spontaneous epi-
leptiform burst discharges 1

_r A

K* (10 mM) bathing medium (15). Slices
were perfused with high-K* medium until
extended periods of spontaneous interictal-
like bursting were recorded simultaneously
in CA1 and CA3 pyramidal cell regions
(Fig. 2A1). After 15 min of perfusion with
furosemide-containing medium (2.5 mM fu-
rosemide), the burst discharges increased in
magnitude (Fig. 2A2). However, after 45
min of furosemide perfusion, the bursts were
blocked in a reversible manner (Fig. 2, A3
and A4). During this entire sequence of
furosemide perfusion, the synaptic response
to a single test pulse delivered to the Schaf-
fer collaterals was either unchanged or en-
hanced during the furosemide block. The
initial increase in discharge amplitude, as
well as the enhanced synaptic response to
single stimuli, likely reflected a furosemide-
induced decrease in inhibition resulting
from a depolarizing shift in the chloride
equilibrium potential (10, [1).

Similar studies were performed with a
variety of other commonly used in vitro
models of epileptiform discharge (3, 16—
19). Hippocampal-entorhinal slices were
bathed in medium from which Mg?* had
been omitted (0 Mg?*) and recordings were
obtained from entorhinal cortex (Fig. 2B1).
After 3 hours of perfusion with 0 Mg®™,
slices developed bursting patterns that ap-
peared similar to previously described “an-
ticonvulsant resistant” bursts (16). One

-0

in a variety of in vitro mod-
els. (A) Epileptiform activi-
ty was induced by slice
perfusion with bathing
medium containing 10
mM K*. Field recordings

A —p—F_ D
A

N

were obtained simulta-

neously from CA3 (top
trace) and CA1 (bottom
trace) pyramidal cell lay-

ers. (A1) Spontaneous 4 ¥

- T

synchronous bursting was
elicited before the addition B
of furosemide to the re-
cording medium. (A2) Af-
ter 15 min of perfusion
with furosemide (2.5 mM),

wﬂw f \
1 W vr\

1rs 2 2
—15mV s

the bursts occurred with 2

increased magnitude. (A3)
After 45 min of furosemide

2s 10s
—11mV ~15mV

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
activity were recorded extracellularly from the entorhinal cortex (B1) after 3 hours of perfusion with bathing
medium containing no Mg?*. This discharge pattern was blocked (B2) after 60 min of perfusion with
medium containing 2.5 mM furosemide. (C) In bathing medium containing 200 wM 4-amino pyridine,
spontaneous synchronous bursts were recorded in CA3 (C1); after 30 min of exposure to 2.5 mM
furosemide, this activity was blocked (C2). (D) Bicuculline (100 wM; CAS recording) and (E) 0 mM Mg?*
(1 hour; CA1 recording) treatments also gave rise to epileptiform discharges that were blocked by
furosemide (2.5 mM). (F) Tissue treated with bathing medium containing no Ca?* (and added EGTA)
showed slow, rhythmic membrane potential shifts in CA1 (F1); these nonsynaptically mediated epilepti-
form events were completely blocked (F2) after perfusion with furosemide (5 mM).
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hour after the addition of furosemide to the
bathing medium, these bursts were blocked
(Fig. 2B2). Furosemide also blocked spon-
taneous burst discharges observed with the
following additions or modifications to the
bathing medium: (i) addition of 200 to 300
pM 4-aminopyridine (4-AP, a potassium
channel blocker) (17) (Fig. 2C); (ii) addi-
tion of 50 to 100 wm bicuculline [a y-ami-
nobutyric acid A (GABA,) antagonist]
(18) (Fig. 2D); (iii) removal of Mg?* (0
Mg**) (19)—1-hour perfusion (Fig. 2E);
and (iv) removal of Ca?* plus extracellular
Ca’* chelation (0 Ca’*) (3) (Fig. 2F).
With each of these manipulations, sponta-
neous interictal-like patterns were simulta-
neously recorded from the CAl and CA3
subfields (Fig. 2, C and D, shows only the
CA3 trace, and Fig. 2, E and F, shows only
the CA1 trace). In the 0 Ca®* experiments,
5 mM furosemide blocked the bursting with
a latency of 15 to 20 min. For all other
protocols, bursting was blocked by 2.5 mM
furosemide with a latency of 20 to 60 min.
Although each model of epileptiform activ-
ity is thought to involve different physio-
logical mechanisms (I, 2), furosemide
blocked the spontaneous bursting activity
in all experiments (Fig. 2, C to F).

Given the generality of this furosemide
effect in vitro, we carried out a parallel study
on an in vivo model (20) in which epilepti-
form activity was induced by intravenous
injection of kainic acid (KA) into anesthe-
tized rats (21) (Fig. 3). In this model, intense
electrical discharge (electrical “status epilep-
ticus”) can be recorded from the cortex 30 to
60 min after KA injection (Fig. 3B). Control
experiments [and previous reports (21)]
showed that this status-like activity was
maintained for over 4 hours. Intravenous
injections of furosemide blocked KA-in-
duced seizure activity with a latency of 30 to
45 min, often producing a relatively flat
electroencephalogram (EEG) (Fig. 3, C and
D). Even 90 min after the furosemide injec-
tion, cortical activity remained near normal
baseline levels (that is, that observed before
the KA and furosemide injections). Pharma-
cokinetic studies of furosemide in the rat
suggest that the dosages used in our experi-
ments were below toxic levels (22).

These experiments show that furo-
semide, a chloride cotrm}spg{wt}ter antagonist
and common loop diuretic, tan block epi-
leptiform activity in a widgvariety of ex-
perimental models, even though a spectrum
of different physiological mechanisms is
thought to produce the spontaneous burst
discharges associated with each of the mod-
els that we tested. This finding suggests that
furosemide might act on a common mech-
anism that is necessary for the generation of
synchronized bursts. Such a mechanism is
likely to be nonsynaptic because furosemide
did not block synaptic responses to electri-



cal stimulation, but did block epileptiform
discharge in 0 Ca’* (where synaptic activ-
ity is absent). Further, although furosemide
treatment blocked spontaneous epilepti-
form activity, it was also often associated
with a “hyperexcited” synaptic response
(10, I1). Thus, furosemide dissociates a
pure increase in synaptic excitability from
the hypersynchronization that characterizes
all forms of seizure activity.

Wepropose that the nonsynaptic mech-
anisms that underlie furosemide’s action are
related to cell volume regulation, and in
particular to glial swelling (7, 9). This hy-
pothesis is supported by our observation
that stimulation-evoked changes in optical
transmission through the slice tissue were
blocked coincidentally with the furosemide
block of spontaneous discharges, and is con-
sistent with previous findings that alter-
ations in osmolarity can block spontaneous
bursts in some models of epilepsy (15, 23~
26). Indeed, hyperosmotic conditions have
been shown to decrease electrographic
brain activity and reduce the likelihood of
the development of seizure activity (24—
26), whereas hypo-osmotic conditions have
the opposite effects (27). In experimental
models of status epilepticus, seizure activity
can be blocked by intravenous injection of
mannitol (24); this effect is similar to that
achieved by intravenous injection of urea in
human patients (25). The treatment in
each of these cases increases the osmolarity
of the blood and extracellular fluid, result-
ing in water eftlux from cells and an in-
crease in ECS. Because furosemide is used
safely as a commonly prescribed diuretic,
our results suggest that it or other related
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Fig. 3. Furosemide blockade of KA-evoked elec-
trical “'status epilepticus” in a urethane-anesthe-
tized rat. Cortical EEG was recorded continuously
during 3- to 4-hour experiments. (A) Baseline EEG
activity before KA injection. (B) Seizure-like EEG
pattern, 60 min after KA injection (12 mg/kg, in-
travenous). (C) Furosemide blockade of seizure-
like EEG activity, 120 min after KA injection and 20
min after furosemide administration (two injec-
tions, each 20 mg/kg). (D) Complete furosemide
blockade of the seizure-like EEG activity, 30 min
later (150 min after KA injection). The KA-induced
seizure-like EEG pattern was associated with an
increase in heart rate (37); furosemide had no fur-
ther effect on ECG.

compounds might find clinical utility as
antiepileptic agents. For example, acetazol-
amide (ACZ), another diuretic with a dif-
ferent mechanism of action (inhibition of
carbonic anhydrase), has been studied ex-
perimentally as an anticonvulsant and is
used clinically on a limited basis (28).
Several hypotheses could explain how
changes in cell volume might affect neuro-
nal synchronization and excitability: (i)
Cell swelling and resultant ECS shrinkage
may cause an increased resistivity of the
ECS and thus enhance ephaptic interac-
tions (4); (ii) ion channels—in either glia
or neurons—may be mechanosensitive so
that changes in osmotic or hydrostatic pres-
sure could lead to altered voltage- or ligand-
gated channel properties (29); and (iii) cell
swelling may mediate the release or uptake
of neuroactive substances by glial cells (30).
Although underlying mechanisms and con-
sequences of glial and neuronal cell swelling
and extracellular volume changes are not
yet completely understood, our studies sug-
gest that modulation of the ECS can play a
critical role in neuronal synchronization.

REFERENCES AND NOTES

1. P. A Schwartzkroin, in The Treatment of Epilepsy:
Principles and Practice, E. Wyllie, Ed. (Lea and Fe-
biger, Philadelphia, 1993), pp. 83-98. "‘Hyperexcit-
ability” is the tendency of a neuron to discharge
repetitively to a stimulus that normally evokes only a
single action potential. “‘Hypersynchrony” is the
property of a population of neurons to discharge
together (time-locked) as opposed to their normal
tendency to discharge independently.

. J. O. McNamara, J. Neurosci. 14, 3413 (1994).

. J. G. R. Jefferys and H. L. Haas, Nature 200, 448
(1982); C. P. Taylor and F. E. Dudek, Science 218,
810 (1982); A. Konnerth, U. Heinemann, Y. Yaari,
Exp. Brain Res. 51, 163 (1984); T. L. Richardson, R.
W. Turner, J. J. Miller, Brain Res. 294, 255 (1984).
4. F. E. Dudek, R. W. Snow, C. P. Taylor, in Basic

Mechanisms of the Epilepsies. Molecular and Cellu-
lar Approaches, A. V. Delgado-Escueta, A. A. Ward,
D. M. Woodbury, R. J. Porter, Eds. (Raven, New
York, 1986), vol. 44, pp. 593-617.

5. A.Van Herreveld and F. Khattab, J. Neurophysiol. 30,
911 (1967); A. Van Herreveld and E. Fifkova, Exp. Mol.
Pathol. 15, 61 (1971); I. Dietzel, U. Heinemann, G.
Hofmeier, H. D. Lux, Exp. Brain Res. 40, 432 (1980);
C. J. McBain, S. F. Traynelis, R. Dingledine, Science
249, 674 (1990); A. S. Rosen and R. D. Andrew,
Neuroscience 38, 579 (1990); S. N. Roper, A. O.
Obenaus, E. Dudek, Ann. Neurol. 31, 81 (1992).

6. H. K. Kimelberg and B. R. Ransom, in Astrocytes:
Cell Biology and Pathology of Astrocytes, S. Fedoer-
off and A. Vernadakis, Eds. (Academic Press, New
York, 1986), vol. 3, pp. 129-166.

7. P. Geck, C. Pietrzyk, B. C. Burchkhardt, B. Pfeiffer,
E. Heinz, Biochem. Biophys. Acta 600, 432 (1980);
W. Walz and L. Hertz, J. Cerebr. Blood Flow Metab.
4, 301 (1984); H. K. Kimelberg and M. V. Frangakis,
Brain Res. 361, 125 (1985).

8. P. Lipton, J. Physiol. (London) 231, 365 (1973).

9. B. A. MacVicar and D. Hochman, J. Neurosci. 11,
1458 (1991).

10. U. Misgeld, R. A. Deisz, H. U. Dodlt, H. D. Lux, Sci-

ence 232,1413(1986); S. M. Thompson, R. A. Diesz,
D. A. Prince, J. Neurophysiol. 60, 105 (1988); S. M.
Thompson and B. H. Gahwiler, ibid. 61, 512 (1989).
11. R. A. Pearce, Neuron 10, 189 (1993). This author
reported that furosemide blocked a component of
the inhibitory currents in hippocampal slices with a
latency (<15 min) similar to the time to onset of
increased excitability observed in our study.

wW N

SCIENCE ¢ VOL. 270 ¢ 6 OCTOBER 1995

|

12. Sprague-Dawley rats (male and female; 25 to 35 days
old) were prepared as described [A. K. Aghajanian
and K. Rasmussen, Synapse 31, 331 (1989); P. S.
Buckmaster, B. W. Strowbridge, P. A. Schwartz-
kroin, J. Neurophysiol. 70, 1281 (1993)]. In most
slice experiments, simultaneous extracellular field
electrode recordings were obtained from CA1 and
CA3 areas. For stimulation-evoked afterdischarge
(13 slices, 8 animals), the concentration of Mg®" in
the bathing medium was reduced to 0.9 mM. A bi-
polar tungsten stimulating electrode was placed on
the Schaffer collaterals to evoke synaptically driven
field responses in CA1; stimuli consisted of 100 to
300-ps-duration pulses at an intensity of four times
population-spike threshold. Afterdischarges were
evoked by a 2-s train of such stimuli delivered at 60
Hz. Spontaneous interictal-like bursts were ob-
served in slices treated with the following modifica-
tions or additions to the bathing medium: 10 mM K*
(six slices; four animals; average, 81 bursts/min), 200
to 300 uM 4-AP (four slices; two animals; average,
33 bursts/min), 50 to 100 uM bicuculline (four slices;
three animals; average, 14 bursts/min), 0 mM Mg?*
[(1 hour of perfusion) three slices; two animals; aver-
age, 20 bursts/min; (3 hours of perfusion) two slices,
two animals], 0 mM Ca2*"/6 mM KCI and 2 mM
EGTA (four slices, three animals). In all treatments,
perfusion with furosemide-containing medium was
begun after a consistent level of bursting had been
established.

13. S. F. Stasheff, A. C. Bragdon, W. A. Wilson, Brain
Res. 344, 296 (1985).

14. Forimaging of intrinsic optical signals, the tissue was
illuminated with a beam of white light (tungsten fila-
ment light and! lens system; Dedotec USA, Lodi, NJ)
directed through the microscope condenser. The
light was controlled and regulated (power supply:
Lamda Electronics, Melville, NY) to minimize fluctua-
tions and filtered (695 nm long-pass) so that the slice
was transilluminated with long wavelengths (red). Im-
age frames were acquired with a charge-coupled
device camera (Dage-MTI) at 30 Hz and were digi-
tized at 8 bits with a spatial resolution of 512 by 480
pixels by means of an Imaging Technology Series
151 imaging system; gains and offsets of the cam-
era-control box and the analog-to-digital board were
adjusted to optimize the sensitivity of the system.
Imaging hardware was controlled by a 486-PC-
compatible computer running software written by D.
Hochman and developed with commercially avail-
able software tools (Microsoft's C/C++ compiler
and Imaging Technology’s ITEX library). To increase
signal-to-noise ratio, an averaged image was com-
posed from 16 individual image-frames, integrated
over 0.5 s and averaged together. An experimental
series typically involved the continuous acquisition of
a series of averaged images over a several minute
time period; at least 10 of these averaged images
were acquired as control images before stimulation.
Pseudocolored images were calculated by subtract-
ing the first control image from subsequently ac-
quired images and assigning a color lookup table to
the pixel values. For these images, usually a linear
low-pass filter was used to remove high-frequency
noise and a linear-histogram stretch was used to
map the pixel values over the dynamic range of the
system. All operations on these images were linear
so that quantitative information was preserved.

15. S. F. Traynelis and R. Dingledine, J. Neurophysiol.
59, 259 (1988). R

16. C. L. Zhang, J. P. Dreier,' . Heinemann, Epilepsy
Res. 20, 105 (1995).

17. M. Galvan, P. Crafe, G.Jen,Bruggencate, Brain Res.
241,75 (1982). i

18. P. A, Schwartzkroin and D. A. Prince, ibid. 183, 61
(1980).

19. W, W. Anderson, D. V. Lewis, H. S. Swartzwelder,
W. A, Wilson, ibid. 398, 215 (1986).

20. For the in vivo studies, Sprague-Dawley rats (four
animals, 250 to 270 g) were anesthetized with ure-
thane [1.25 g per kilogram of body weight, intraper-
itoneal (i.p.)] and anesthesia was maintained by ad-
ditional urethane injections (0.25 g/kg, i.p.) as need-
ed. Body temperature was monitored with a rectal
temperature probe and maintained at 35° to 37°C
with a heating pad. Heart rate (electrocardiogram,

101



ECG) was monitored continuously. The jugular vein
was cannulated on one side for intravenous (i.v.)
drug administration. Rats were placed in a Kopf ste-
reotaxic device (with the top of the skull level), and a
bipolar 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-parietal
cortex. Data were stored on VHS videotape and an-
alyzed off-line. After the surgical preparation and
electrode placement, animals were allowed to recov-
er for 30 min before the experiments were initiated
with an injection of kainic acid (10 to 12 mg/kg, i.v.).
Intense electrographic seizure activity, an increased
heart rate, and rapid movements of the vibrissae
were induced with a latency of about 30 min. Strong
nociceptive stimulation of the hind 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. Sloviter, Hippocampus 1, 31 (1991)]. Once stable

electrical seizure activity was evident, furosemide
was delivered in 20 mg/kg boluses every 30 min up
to a total of three injections. Experiments were ter-
minated with the i.v. administration of urethane. An-
imal care was in accordance with NIH guidelines and
approved by the University of Washington Animal
Care Committee.

21. E. W. Lothman, R. C. Collins, J. A. Ferrendelli, Neu-
rology 31, 806 (1981).

22. M. M. Hammarlund and L. K. Paalzow, Biopharm.
Drug Dispos. 3, 345 (1982).

23. F. E. Dudek, A. Obenaus, J. G. Tasker, Neurosci.
Lett. 120, 267 (1990).

24, H.Baran, H. Lassmann, G. Sperk, F. Seitelberger, O.
Hornykiewicz, Neuroscience 21, 679 (1987).

25. C. H. Carter, Epilepsia 3, 198 (1962).

26. D. J. Read and D. M. Woodbury, J. Pharmacol. 146,
154 (1964).

27. N. J. Delva and J. L. Crammer, Br. J. Psychiatr. 152,
242 (1988); I. N. Ferrier, Br. Med. J. 291, 1594 (1985);
C. R. Medani, South. Med. J. 80, 421 (1987); H. G.

Discrete Cortical Regions Associated with
Knowledge of Color and Knowledge of Action

Alex Martin,* James V. Haxby, Francois M. Lalonde,
Cheri L. Wiggs, Leslie G. Ungerleider

The areas of the brain that mediate knowledge about objects were investigated by
measuring changes in regional cerebral blood flow (rCBF) using positron emission to-
mography (PET). Subjects generated words denoting colors and actions associated with
static, achromatic line drawings of objects in one experiment, and with the written names
of objects in a second experiment. In both studies, generation of color words selectively
activated a region in the ventral temporal lobe just anterior to the area involved in the
perception of color, whereas generation of action words activated a region in the middle
temporal gyrus just anterior to the area involved in the perception of motion. These data
suggest that object knowledge is organized as a distributed system in which the attributes
of an object are stored close to the regions of the cortex that mediate perception of those
attributes.

During our lifetimes we acquire knowledge
about a tremendous number of concrete
objects. This knowledge includes not just
the name, but also the physical features
(form and color) and functional properties
(uses) that define each object. When an
object is seen or its name read, knowledge
of these attributes is activated automatically
and without conscious awareness (I). In
addition, the ability to retrieve information
about a specific attribute of an object can be
selectively disrupted by a focal brain lesion
(2, 3). These findings suggest that object
knowledge is stored in the brain as a dis-
tributed network of discrete cortical areas
(4). However, direct evidence for the exis-
tence of such a network in the normal
human brain has not been reported, nor
have the component areas of the network
been identified. We show, using positron
emission tomography (PET), that the at-
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tributes that define an object are represent-
ed close to the cortical regions that mediate
perception of those attributes.
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and action because evidence from monkeys
(5) and humans (6-8) suggests that the
perception of these attributes is mediated,
in part, by discrete regions of the posterior
cortex. In humans the syndrome of acquired
color blindness, or achromatopsia, has been
found after damage to the fusiform and
lingual gyri on the ventral surface of the
occipital lobes (6, 7), whereas acquired mo-
tion blindness, or akinetopsia, follows a
more dorsally located lesion at the junction
of the occipital, parietal, and temporal lobes
(7, 8). Converging evidence that these re-
gions are specialized for the perception of
color and motion, respectively, has been
provided by functional brain imaging stud-
ies of normal individuals (9, 10). Moreover,
reports of patients with selective difficulty
retrieving information about object-associ-
ated color (2) or action (3), without corre-
sponding deficits in perception, suggest that
knowledge of these attributes also may be
mediated by distinct brain areas (11).

In the first study (12), achromatic line
drawings of common objects were present-

(9]

T Y

o Left middle
temporal gyrus
6, W Left fusiform
gyrus

PR S W Y S W

Percent change in rCBF

Action Color

Fig. 1. (A) Lateral view of the left hemisphere showing regions of increased rCBF when subjects generated
color words (green) and action words (gray) in comparison to object naming. Dark blue regions show areas
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
activations during action word generation. Shown are all pixels that exceeded a threshold of Z = 2.58 (P
< 0.005, one-tailed). (C) Percent change in rCBF, relative to object naming, at the site of peak activity in the
left middle temporal gyrus (open bar) (—50, —50, 0) and left fusiform gyrus (closed bar) (—46, —46, —12)
shown in (B). Bars represent mean percent change in rCBF = SEM. Analysis of variance indicated that
rCBF at these sites was modulated by the type of word that subjects generated [site X task interaction
F(1,11) = 21.66; P < 0.001].
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