
Direct Signaling from Astrocytes to Neurons lation coefficient (r) = 0.65, P < o.ooo11. 

in Cultures of Mammalian Brain Cells Upon contact with the wave, neuronal 
[Ca2+], increased rapidly: within 2.40 + 

Maiken Nedergaard 
Although astrocytes have been considered to be supportive, rather than transmissive, in 
the adult nervous system, recent studies have challenged this assumption by demon- 
strating that astrocytes possess functional neurotransmitter receptors. Astrocytes are now 
shown to directly modulate the free cytosolic calcium, and hence transmission charac- 
teristics, of neighboring neurons. When a focal electric field potential was applied to single 
astrocytes in mixed cultures of rat forebrain astrocytes and neurons, a prompt elevation 
of calcium occurred in the target cell. This in turn triggered a wave of calcium increase, 
which propagated from astrocyte to astrocyte. Neurons resting on these astrocytes re- 
sponded with large increases in their concentration of cytosolic calcium. The gap junction 
blocker octanol attenuated the neuronal response, which suggests that the astrocytic- 
neuronal signaling is mediated through intercellular connections rather than synaptically. 
This neuronal response to local astrocytic ,stimulation may mediate local intercellular 
communication within the brain. 

T h e  central nervous system is composed of or from the propagating Ca2+ waves de- 
an intimately associated network of neurons scribed previously after glutamate exposure 
and astrocytes (1 ) . Despite the central im- (4). 
portance of an interaction between these Neurons lying on a contiguous monolay- 
two cell types, only recently have studies er of astrocytes, through which the Ca2+ 
suggested that astrocytic functions might wave propagated, increased their [Ca2+], 
not be limited to the structural and tro~hic (Table 1). Neuronal ICa2+ 1: increased onlv 
support of neurons. Astrocytes display rapid 
electrical responses to neuronal activity, 
and intense neuronal activity can trigger 
slowly propagating astrocytic Ca2+ waves 
(2). Similarly, Schwaan cells at the neuro- 
muscular junction and glial cells along the 
optical nerve show increased concentra- 
tions of cytosolic calcium ([Ca2+],) in re- 
sponse to neuronal activity (3). In addi- 
tion, cultured astrocytes show both oscilla- 
tory CaZfi responses and propagating Ca2+ 
waves in response to glutamate application 
as well as mechanical stimulation (4). 

in neurons that were in physical contact 
with astrocytes participating in the Ca2+ 
wave. Indeed, it was sufficient for induction 
of a neuronal [Ca2+], response that only a 
neurite was in contact with the wave:.cell 
body contact per se was not necessary (Fig. 
1). In contrast, neurons plated directly on 
the fibronectin substrate layer or on astro- 
cytes not participating in the wave did not 
react to field potentials (Fig. 1). The mean 
time to reaction was approximately 12.4 + 
7.8 s (mean + SD; range, 3 to 36 s; n = 
120) after termination of the electric stim- 

- .  
1.25 ;'(range, 0 to 7 s), a maximal eleva- 
tion of 369 + 274% (range, 42 to 1185%) 
above the base line was detected, which 
normalized within 5 to 10 min. Most neu- 
rons in physical contact with the propagat- 
ing astrocytic Ca2+ waves responded (120 
out of 131 neurons examined in 10 experi- 
ments). Re~eated stimulation of the same 
target astrocyte typically evoked identical 
patterns and magnitude of increases in 
[Ca2+], in astrocytes as well as in neurons. 
The maximal radius over which the astro- 
cytic Ca2+ wave spread, and the velocity 
with which it migrated, were not affected 
by the coculturing of neurons (Table 1). 

Neurons were tentatively identified dur- 
ing the experiments as cells with round, 
phase-bright and nongranulated cell bodies, 
with relatively unbranched processes. Ret- 
rospectively, we verified neuronal identity 
by immunostaining for microtubule-associ- 
ated protein 2 (MAP-2) (7). Astrocytes 
were similarly identified by staining for glial 
fibrillary acidic protein (GFAP) (7). 

To test whether the Ca2+ wave was 
transmitted bv extracellular release and dif- 
fusion of an astrocyte-derived substance, I 
evoked intercellular Ca2+ signaling during 
rapidly flowing solution changes. Superfu- 
sion with a linear velocity vector opposite 
to and 20 times faster than the Ca2+ wave 
did not affect signaling, either between 
astrocytes or between astrocytes and neu- 
rons (8). Although these observations do 
not exclude the possibility that signaling is 
mediated by intercellular diffusion of a hu- 
moral agent, the constancy of both the 
direction and velocity of wave propagation 
over a range of perfusion rates suggests 

However, astrocytes have not previously ulation. Reaction time was dependent on otherwise. 
been shown to influence neuronal activity. the distance to the stimulation site [corre- To examine whether the Ca2+ signaling 

To investigate communication between 
cocultured neurons and astrocytes, I stimu- 
lated single astrocytes and examined Ca2+, 
responses in the surrounding cells using the 
fluorescent calcium indicator fluo-3 (5). A 
focally applied electric field evokid a 
marked increase in [Ca2+Ii, which was ini- 
tially restricted to the target astrocyte (6). 
In confluent cultures. this was followed bv 
an increase in [Ca2+], in neighboring astro- 
cytes, and a wave of astrocytic increase in 
[Ca2+ 1, then- evolved that often spread be- 
yond the field of view (velocity = 20 + 8 
pm/s). Similar Ca2+ waves could also be 
elicited by either mechanical or laser stim- 
ulation of single astrocytes (6). The Ca2+ 
waves evoked by these distinct stimulation 
paradigms did not differ from one another 
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Table 1. Effects of pharmacological inhibition. Shown is the mean 2 SD; four to ten experiments per 
treatment condition were performed. N.A., not applicable. 

Treatment Radius Neurons 
Velocity activated A F/F Total 

( ~ m )  (~mls)  P/.) neurons ("w 

Untreated 

Untreated 
TTX 
AP-5 
MK-801 
NBQX 
Kynurenic acid + TTX 

Nifedipine 
Calcium-free + TTX 

Octanol 
Halothane 

Glial cultures 
2 0 +  8 

Mixed cultures 
1 9 +  9 
2 6 2  16 
31 + 15 
2 0 2  17 
2 4 +  14 
27 2 13 
2 4 +  12 
1 8 +  8 
22 2 15 
21 + 11 

N.A. 
N.A. 

369 2 274 
363 + 229 
512 2 225 
435 + 417 
360 + 216 
397 2 285 
478 2 315 
384 + 244 
360 2 239 
331 2 161 

N.A. 
N.A. 

N.A. 
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occurred through a synaptical mechanism, I 
applied 1 p,M tetrodotoxin (TTX), the Na+ 
channel blocker (9). Teaodotoxin had no 
effect on the amplitude of [Ca2+Ii increase or 
on the velocity or distance of spread in either 
neurons or astrocytes (Table 1). I also tested 
astmqte-mneuron sigdmg in the presence 
of a variety of  selective glutamate receptor 
antagonists, which included 2-aminod- 
phosphonopentanoic acid (AP-5) (1 rnM) , 
2,3-dihydroxy-6-nitro-7-sulfamoylbe11~)(f) - 
quinoxaline (NBQX) (50 @l) , and MK-801 
(10 p,M), none of which had any measurable 
dect on the wave (Table 1). In addition, 

signaling from astrocytes to neurons remained 
d e c t e d  by the unselective glutamate recep 
tor antagonist kynurenic acid: m e n  the as- 
trocytic Ca2+ wave was evoked by the electric 
field potential, it propagated from astrocytes 
to astrocytes with a velocity of 27 k 13 &s 
in the presence of 2 mM kynurenic acid (eght 
exueriments) and activated 62 of 72 neurons. 
T h  is of particular note because kynurenic 
acid has been reported to block all astrocytic 
responses to n e u r d  stimulation (3), and the 
same concentration of kynurenic acid com- 
pletely blocked neuronal responses to applica- 
tion of 100 p,M glutamate (22 neurons in 

three experiments). Kynurenic acid and T T X  
together also failed to inhibit aswcytic signal- 
ing to neurons (Fig. 2 and Table 1). The 
I-type Ca2+ channel blocker nifedipine influ- 
enced neither the vectorial progression of the 
Ca2+ wave nor i t s  extent of neuronal activa- 
tion (Table 1). Similarly, I confirmed earlier 
observations that depletion of extracellular 
Ca2+ did not dect the astrocytic Ca2+ wave 
(4). Accordingly, the astrocytic signaling to 
neurons also was not diminished by removal 
of extracellular Ca2+ (Table 1). Taken to- 
gether, these results suggest that the eleva- 
tions in [Ca2+Ii in both astrocytes and neu- 

Flg. 1. An astrocytic Ca2+ wave 
triggering an elevation in neu- 
ronal [Ca2+],. Focal electric field 
stimulation (20 pA for 0.5 S) 
[open arrow in (A)] was applied 
to a culture (12 days in vitro) 
loaded with fluo-3. (A) A local 
increase of [Ca2+], in the target 
astrocyte was elicited by the 
stimulus. (B through H) A wave 
of increase in [Ca2+], propagat- 
ed to include the surrounding astrocytes and neurons. Small arrows (F 
through H) identify neurons with elevated [Ca2+],. The concentration of 
Ca2+, remained at resting values in the neuron in (G) (arrowhead), which 
was not in direct physical contact with the Ca2+ wave. Images were 
captured at 2-s intervals, beginning 2 s after electric field stimulation. (I) 
A schematic diagram of the three MAP-2-positive neurons in the field. 
Relative changes in emission (AWF) were measured along the line 
indicated. (J) Traces showing the fluorescence shifts (AWF) along the line 

indicated in (I) as a function of time. (K) lmmunodetection of the 
neuronal-glial antigens, MAP2 and GFAP, respectively, within this field. 
GFAP-positive astrocytes (fluorescein tagged secondary) form a conflu- 
ent layer. The three MAP-Z-positive neurons (Texas red tagged second- 
ary) are lying on this astrocytic substrate layer. Only the top two neurons 
were in contact with subjacent astrocytes participating in the Ca2+ wave. 
The scale indicates the relative emission intensity of the Ca2+ indicator 
fluo-3. Scale bar, 100 pm. 

cytic [Ca2+],. The images shown 
were captured 1, 4, 7, 10, and 26 
s, respectively, after electrical field 
stimulation (small arrow identifies 
the neuron as rCa2+1, rises). Ele- r 
vations in neuronal fca2+]; were 
first noted when the neuron was approached by the astrocytic Ca2+ Line drawing illustrating propagation of the astrocytic Ca2+ wave, from 
wave. Thus, TTX and kynurenic acid did not block intercellular signal- (B) through (F). The MAP-2-positive neuron in the field is outlined. The 
ing, either between astrocytes or from astrocytes to neurons. (0) scale indicates the relative emission intensity of the Ca2+ indicator 
Detection of MAP-2 and GFAP immunoreactivity in the same field. (H) fluo-3. Scale bar, 100 pm. 
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Flg. 3. Signaling between astrocytes and neu- 
rons is unidirectional. (A) Resting fluo-3 signal 
of a culture 10 days in vitro. (B) Direct stimula- 
tion of a neuron (4 pA for 0.5 S) (open arrow) 
evoked a large increase in neuronal [Ca2+], (2 
s), but an astrocytic Ca2+ wave was not evoked 
(C) (2 min). (D) Detection of MAP-2 and GFAP 
immunoreactivity in the same field as in (A) 
through (C). The scale indicates the relative 
emission intensity of the C3+ indicator fluo-3. 
Scale bar, 100 pm. 

rons derived from the release of intracellular 
stores of ca2+ (4). Also, because the presence 
of extracellular w+ is essential for the re- 
lease of neurommmitters (1 0), wave propa- 
gation is finher unlikely to be dependent on 
synaptic mnmission. 

I also tested whether Caz+ signaling can 
occur in the opposite direction, from neu- 
ron to astrocyte. Single neurons resting on 
continuous layers of astrocytes were stimu- 
la+ directly by an electric field potential. 
A inaximal increase of 347 + 252% (n = 
17) (range, 97 to 1106%) of neuronal 
[Ca2+], was not sufficient to trigger astro- 
cytic Ca2+ waves (Fig. 3). Thus, these 
observations indicate that signaling be- 
tween astrocytes and neurons is unidirec- 
tional. In accordance with prior reports (4), 
gap junctions were required for interastro- 
cytic CaZ+ signaling: Each of the gap junc- 
tion blockers halothane and octanol 
blocked the astrocytic CaZ+ wave. In addi- 
tion, signaling from astrocytes to neurons 
was inhibited: when exposed to octanol, 
stimulated astrocytes in direct physical con- 
tact with neurons failed to evoke an in- 
crease in neuronal [Caz+], (n = 9) (Fig. 4 
and Table 1). The neuronal [CaZ+], re- 
sponse to glutamate exposure was not re- 
duced in the presence of equal concentra- 
tions of halothane or octanol (I I). 

I further tested whether cultured neu- 
rons possess functional gap junctions by 
evaluating the recovew of intracellular flu- 
orescence- after photobleaching (1 2). All 
astrocytes having visible cellular contacts 
exhibited functional coupling (88 + 4.7% 
recovery, n = 17), which could be com- 
pletely and reversibly blocked by octanol 
(no recovery, n = 7) or halothane (0.8 +- 

Flg. 4. Inhibition of astrocyte-to-neuron signaling by the gap junction blocker octanol. (A) 
Phase-contrast image of two neurons (small arrows) resting on a continuous layer of astrocytes (10 
days in vitro). (B) Base line Ca2+ signal in the same field, in cells loaded with fluo-3. As [C3+], rises, 
the relative emission intensity of fluo-3 changes from black to white. (C) Electric field potential (1 5 
pA for 0.5 s) was first applied (open arrow) to the astrocyte lying beneath the upper neuronal 
process, in the presence of 0.5 mM octanol. A marked local increase in astrocytic [Ca2+], was 
evoked by 2 s. (D) The concentration of astrocytic Ca2+, returned to the base line without triggering 
an increase in neuronal [Ca2+], or a propagating Ca2+ wave (2 min). (E) The astrocyte subjacent to 
the neuron was subsequently stimulated (open arrow). Although astrocytic [Ca2+], increased (2 s), 
no neuronal response was evoked (F) (2 min). (0) Subsequent direct stimulation of the neuron (5 pA 
for 0.5 s) (open arrow) evoked a large increase in neuronal [Ca2+],, indicating that the lack of signal 
transmission was not a result of an impaired neuronal [Ca2+], response. Note the co-activation of the 
neuron to the right. (H) The concentration of neuronal Ca2+, did not return to a resting level within 
2 min. Scale bar, 50 pm. 

0.7% recovery, n = 10). In contrast, neu- 
rons only partially regained fluorescence 
after photobleaching (9.8 + 2.0% recov- 
ery, n = 29), and this recovery occurred 
despite concurrent gap junction blockade 
with either octanol (8.1 + 1.8% recovery, 
n = 7) or halothane (6.5 +- 4.1% recovery, 
n = 9). Thus, my experiments suggest that 
cultured neurons lack a significant degree of 
gap junction coupling either to one another 
or to local astrocytes. Consistent with this 
observation, Lucifer yellow injected into 
cultured neurons fails to mead into sur- 
rounding astrocytes (2).   ow ever, it is 
possible that unidirectional intercellular 
connections exist that are not detected by 
these dyes: the threshold for detecting 
Lucifer yellow dye-coupling between cells 
is estimated to be 2 nS, corresponding to 
roughly 20 functional gap junction chan- 
nels (13). Lucifer yellow and biotin pass 
readily from astrocytes into adjacent oli- 
godendrocytes and Miiller cells of the 
intact retina, but rarely in the opposite 
direction. Thus, gap junctions with unidi- 
rectional diffusion capabilities might exist 
between heterogeneous cell types (1 4). 
The possibility of neuronal-glial asymmet- 
ric dye diffusion is suggested by the dis- 
tinctly different gap junction proteins ex- 
pressed by neurons and glia (1 3). Astro- 
cytic gap junctions contain conwxin 43, 
whereas neurons are immunoreactive for 
the gap junction protein connexin 32 
(1 3). In addition, CA3 neurons of the 
hippocampus are coupled both electrically 
and by dye transfer studies (1 3). Also, 
extensive interneuronal coupling has been 
found with neurobiotin labeling of neocor- 

tical columns in postnatal rodents (15). 
My data demonstrate that CaZ+ signals 

can propagate from astrocytes to neurons 
and that astrocytes can thereby directly 
modulate neuronal [Ca2+],. In addition, I 
have observed that Caz+ signaling between 
astrocytes and neurons is unidirectional and 
is inhibited by the gap junction blocker 
octanol. This in vitro perturbation of neu- 
ronal [CaZ+], by local astrocytes challenges 
the general presumption that neurons alone 
are responsible for information processing 
in the central nervous svstem. 

These in vitro observations may under- 
lie the in vivo phenomenon of spreading 
depression (SD) . Spreading depression is a 
slowly moving wave of tissue depolariza- 
tion (18 to 50 brnts) that can be elicited 
by mechanical injury, electrical stimula- 
tion, or by application of K+ and gluta- 
mate to exposed cortical tissue (1 6). Pas- 
sive diffusion of K+ or elutamate in the " 
interstitial space has been proposed as a 
possible mechanism for the propagation of 
SD (17). It is possible, however, that SD 
travels as an intracellular .Caz+ wave in 
astrocytes. Consistent with this sugges- 
tion, halothane anesthesia inhibits both 
the elicitation and migration of SD (1 8), 
whereas TTX affects neither the propaga- 
tion of SD nor the decline in interstitial 
Na+ during SD (1 9). 
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number, location, and action of loci con­
trolling quantitative variation. Recently, 
the ability to dissect genetically quantita­
tive traits has been improved by the devel­
opment of detailed linkage maps based on 
DNA markers. With these the segregation 
of individual chromosome segments can be 
traced in appropriate pedigrees. Thus, 
quantitative trait loci (QTLs) segregating 
in crosses between inbred lines of tomato 
(I) , rat (2), and maize (3) have been 
mapped. The statistical method used in 
these studies, maximum likelihood interval 
mapping (4), cannot be used in studies of 
most domesticated animal species because 
of the lack of inbred lines. However, an 
analytical method based oirkast squares for 
the identification of QTLs segregating in 
crosses between divergent outbred lines has 
been described (5). The present study is an 
experimental application of the method. 

European domesticated pigs are thought to 
have been derived largely from the European 
wild boar, with some crossbreeding with Chi­
nese domesticated breeds in the 18th to 19th 
centuries (6). Despite striking phenotypic dif­
ferences between the wild boar and domesti­
cated pigs, they are sufficiently closely related 
to interbreed easily. We generated a three-
generation pedigree by crossing two European 

Genetic Mapping of Quantitative Trait Loci for 
Growth and Fatness in Pigs 
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The European wild boar was crossed with the domesticated Large White pig to genetically 
dissect phenotypic differences between these populations for growth and fat deposition. 
The most important effects were clustered on chromosome 4, with a single region ac­
counting for a large part of the breed difference in growth rate, fatness, and length of the 
small intestine. The study is an advance in genome analyses and documents the use­
fulness of crosses between divergent outbred populations for the detection and charac­
terization of quantitative trait loci. The genetic mapping of a major locus for fat deposition 
in the pig could have implications for understanding human obesity. 
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