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Lithium can be inserted reversibly within most carbonaceous materials. The physical 
mechanism for this insertion depends on the carbon type. Lithium intercalates in layered 
carbons such as graphite, and it adsorbs on the surfaces of single carbon layers in 
nongraphitizable hard carbons. Lithium also appears to reversibly bind near hydrogen 
atoms in carbonaceous materials containing substantial hydrogen, which are made by 
heating organic precursors to temperatures near 700°C. Each of these three classes of 
materials appears suitable for use in advanced lithium batteries 

T h e r e  are hundreds of commercially avail- 
able carbon types, including natural and 
synthetic graphites, carbon blacks, active 
carbons, carbon fibers, cokes, and a wide 
variety of other lnaterials by the  
pyrolysis of organic precursors in inert gas. 
All of these materials reversibly react with 
lithium to  some extent and can be used as 
the  negative electrode in lithium-ion bat- 
teries ( 1 ) .  T o  maximize the  stored energy 
oer unit mass in these batteries, it is crucial 

atoms [the maximum limit for graphite LIII- 

der alnbient conditions ( 2 ) ] ,  a specific ca- 
pacity of 372 mA.hour gP '  results. 

Most striking about Fig. 1 is the  large 
variation in specific capacity that occurs as 
a f~lnct ion of heat treatment temnerature 
and carbon type. T o  understand this varia- 
tion we must consider the  structure and 
chemistry of carhons prepared by the  heat- 
ing of organic precursors. Fortunately, this 
is a well-studied field 13). Durine the  early , , - 

to determine which types of carhon react stages of pyrolysis in inert gas (below 
reversibly with the  largest alnoullt of lithi- 600°C), organic compounds itecolnpose 
um per unit mass of carhon. Hundreds of and emit gases that contain carbon, such as 
carhon types have been tested for this ap- CO and CH4 (4) .  T h e  remaining C atolns 
nlication 12) and three classes of cnmmer- condense into vlanar aromatic structures , , 

cially relevant lithium-battery carbons have (called graphene sheets) that are terminat- 
emerged. ed with H atoms at their 

edges. If the decomposing precursor forms a 
Carbon Types semifluid state, then these planar sheets can 

alien in a more or less narallel fashion that - 
Figure 1 shows the maximum amount of leads ultimately to easy graphitization upon 
lithium with which carhons can reversibly heating to very high temperatures. Such 
react as a function of the  heat treatment precursors yield "soft" or graphitizahle car- 
temperature for carhons prepared by the  bons. However, if the  organic precursor is 
pyrolysis of organic precursors. These data sufficiently cross-linked, then a fluid state is 
were collected by electrochelnically react- not  realized during decomposition and the  
ing lithium with the carbons in cells with 
lithium metal as one electrode and with a 
particular carbon sample as the  other elec- 
trode. In  such a n  experiment, the  Li atoms 
are transferred from the  metal to  the  carbon 
as ions (through the  cell electrolyte) and 
electrons (through the  external circuit). 
Battery scientists measure the  number of 
electrons transferred through the  external 
circuit per gram of carhon; this quantity is 
the specific capacity of the  carbon in mil- 
liampere-hours per gram. Because one lith- 

- - - -  Some hard carbons 

- Most soft carbons 

iuln ion is transferred for each electron, the 
specific capacity can be related to the stoi- 500 1000 1500 2000 2500 

Heat treatment temperature ("C) 
chiometry of the  carhon electrode. For ex- 

Fig. 1. Plot of reversible capacity for lithium versus ample, if one Li atom is transferred per six C heat treatment tem~erature for a varietv of carbon 
samples (open sym~bols, hard carbonslsoid sym- 

The authors are in the Department of Physics, Simon bols, soft carbons). These data are for the second 
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olanar arolnatlc structures cannot d i m .  " 
These materials are difficult to graphitize a t  
any heat treatment temperature and thus are 
called "hard" or nongraphitizable carbons. 

During heating in the  telnperature range 
from 600" to -1000°C. hvdroeen is elirni- , ,  - 
nated (4)  and the  size of the  pl2nar gra- 
nhene sheets grows to  -20 to 30 A.  In soft 

u 

carhons, there are regions where 3 to 10 of 
these sheets are stacked in a more or less 
p ra l l e l  fashion, separated by slnall regions 
of "unorganized carbon" that may consist of 
buckled single layers or tetrahedrally bond- 
ed carbon (5). T h e  layers are stacked with 
random rotations or translations between 
them, a condition known as turbostratic 
disorder (6) .  In some hard carbons, the  
graphene sheets do not stack in a parallel 
wav and are in a "house of cards" arrange- - 
merit. Such carbons inherently have appre- 
ciable nanoporosity, with pores on the  order 
of the size of the  graphene sheets (7). 

During f ~ ~ r t h e r  heatillg of soft carbons 
above 1000°C, the  lateral dimensions of the  
graphene sheets grow to -150 A; by 
2000°C, the layers become parallel (with 50 
to 100 lavers uer stack) but turbostratic , L 

misalignment is not relieved, apparently be- 
cause of some "pinning" that prevents the 
rotation of layers into the  nornlal stacking 
found in graphite. Only above 2000°C is 
enough thermal energy present to  overcolne 
this pinning and for the  layers to  rotate into 
the registered graphite stacking arrange- 
ment.  T h e  P of finding adjacent 
graphene sheets in turbostratic misalign- 
lnent decreases from -1 at 2000°C to near 
0 for soft carbons heated to -3000°C. As 
hard carbons are heated above 1000°C, the 
size of the graphene sheets grows and the 
sheets swing into 111ore or less parallel posi- 
tions. e l imina t in~  the  nanovorositv. How- " 
ever, large numbers of parallel layers never 
form at any heat treatment temperature and 
turbostratic misalignment is never relieved. 

Carbons in the  three highlighted regions 
of Fie. 1 are currentlv used or have been 

'3 

proposed for use in commercial lithium-ion 
batteries. Region 1 contains carhons pre- 
pared by heating so-called soft carbon pre- 
cursors to temperatures above -2400°C, 
where well-graphitized materials result. In 
these materials, the  probability P for turbo- 
stratic misalignment between adjacent lay- 
ers decreases with heatinp temoerature. Re- " L 

gion 2 contains both soft and hard carhon 
precursors that contain substantial hydro- 
gen. As the temperature of the  samples is 
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increased, the  hydrogen content decreases. 
Region 3 contains hard carbon materials 
that are made up predominantly of single 
carbon sheets that contain appreciable 
nanoporosity and are stacked more or less 
like a house of cards. All of the data in Fig. 
1 were collected in our laboratorv. Carbons 

its chemical potential is lowered relative to 
that in elemental lithium. T h e  chanee in 

versus P, the  probability of turbostratic mis- 
alignment in adjacent parallel layers. T h e  
capacity Q varies as Q = 172(1 - P), as 
expected o n  the  basis of the arguments 
above; this finding suggests that no  lithium 
can be inserted between adjacent parallel 
layers that are turbostratically misaligned. 

chemical potential includes a PAV term, 
which can be estimated. If we assume that 
the  molar volume of lithium metal or liquid 
is 14 cc molpl  and that 6 mol of graphite 
expands by 10% upon intercalation of 1 
inol of lithium, then AV = - 11 cc per mole 
of intercalated Li and PAV/P .= 10-j  eV 
atomp' harp'. A t  ambient vressure. this 

in regions 1,  2, and 3 have been discussed in 
(8-lo),  respectively, where we proposed 
mechanisms for the variation of snecific 

Hydrogen-Containing 
Carbons-Region 2 

capacity with heating temperature in each 
region. 

contribution to the  c h e ~ l ~ i c a l  potential 
change is negligible, but at 50 kbar, PA\' - 
-0.5 eV atolnpl .  Therefore, at 50 khar, we 
are effectively able to access voltages down 
to -PO.; V versus Li at ambient nressure. 

A variety of materials pyrolyzed a t  temper- 
atures near 700°C show behavior similar to 
that in Fig. 2B (1 6-1 8 ) .  Mabuchi e t  nl. (1 6 )  
argued that large amounts of lithium are 
being inserted within "cavities" in these 
materials. However, our recent work (10) 
shows that these materials offer little evi- 

" 

Figure 2 shows the voltage-capacity re- 
lations for lithium-carbon electrochemical 
cells made from representative materials 
from each of the  three regions of Fig. 1. T h e  
synthetic graphite sample gives a reversible 
capacity of -355 mA.hour g p l .  Petroleum 
pitch heated to 550°C to give H0,4C (9)  
eives a reversible caoacitv of near 900 

If the  insertion of lithium into nearest- 
neighbor sites requires 50 khar, then it ef- 
fectively occurs near -0.5 V in Fig. 2. In  
the experiments of Fig. 2, such voltages can 
not be reached, because nletallic Li elec- 

dence for microporosity. Moreover, such an  
explanation would require the  chemical po- 
tential of the  i~lserted lithium to be very 
close to that of metallic lithium, because it 
would only be weakly hound to the  carbon; 
in experiments like those of Fig. 2B, a cell 
voltage of several tens of millivolts would 

L ,  

mA.hour g p l ,  one of the  largest capacities 
of any material in region 2. All materials in 
region 2 are anomalous because their volt- 

trodeposits o n  the carbon surface a t  all volt- 
ages below 0 V in equilibrium. Thus, it is 
unlikely that near-neighbor sites can be 
filled by lithium in carbonaceous materials 
~ l n d e r  ambient conditions. 

W h e n  lithium intercalates between ad- 
jacent parallel carbon sheets, these sheets 
rotate from "AB" registry (14) into "AA" 
registry (15) ,  with honeycombs directly 
above and below one another. T h e  Li atoms 

age profiles show appreciable hysteresis 
(lithium inserted near 0.0 V is removed 
near 1 V).  Resole resin heated to 1000°C 
has a composition of H,,,4C and gives a 
reversible capacity of -560 m A - h o ~ ~ r  g p l ,  

be expected, and no  hysteres~a w o ~ ~ l d  he 
expected. Sato et al. (1 7) propoaed that the  
Li atoms intercalate and occ~1~7v nearest- 

L ,  

neighbor sites between each pair of graphene 
sheets. This explanation would require some 
mechanism for the lithium ions to overcome 

one of the  largest capacities known for ma- 
terials in region 3. T h e  voltage profiles for 
each of the  materials in Fig. 2 are markedly 
different, which suggests that different re- 
action mechanisms are important in each of 
the  three regions in Fig. 1. 

are centered between honeyco~nbs above 
and below; therefore, lithium might not 
intercalate between adiacent lavers that are 

the large screened Coulomb rep~~ls ion be- 
tween ions o n  nearest-neighbor sites in the 

turbostratically misaligked and pinned. Fig- 
 re 3 (8)  is a plot of the  reversible capacity 
of region 1 carbons (heated above 2200°C) 

absence of a huge applied pressure on the 
lithiurn. Sato's mechanism invokes the equi- 
librium occuvation of these sites. so this Graphitic Carbons-Region 1 
explanation would not be expected to lead 
to hysteresis in the voltage profile. 

Yata et al. (1 8 )  realized that carbons pre- 
pared at these temperatures contain substan- 
tial h v d r o ~ e n  and therefore called the ma- 

Graphite can intercalate up to one Li atom 
per six C atoms under ambient conditions 
(1 1) .  In LiC6, the  Li atoms occupy nezt 
nearest-neighbor sites, separated by 4.25 A, 
within the van der Waals space between 
every pair of carbon sheets (1 2) .  W h e n  the  
lithium is intercalated, it transfers most of 
its 2s electron density to the carbon host 
and exists as a screened ion between the  
carbon sheets. T h e  Coulomb repulsion be- 
tween lithium ions in nearest-neighbor sites 

Region 1 

0.5 

, u 

terials they prepared from pyrolyzed phenol- 
ic resins "polyacenic semiconductors." Typ- 
ically, the materials that showed high 
capacity for lithium in (16-18) had H/C 

is apparently greater than the  binding ell- 
ergy of the  lithium to the graphite host, so 
that mixtures of metallic lithium and Li,C6 
coexist when samples of composition x > 1 
in Li,C6 are attelnpted a t  room temperature 

1 Region 3 c i :::h*- , , , , , I  
0.0 

0 200 400 600 800 1000 
Capacity (mA*hour g-') 

and pressure. 
Recently, Nalimova et al. (1  3) shoa,ed 

that samples of x > 1 could be prepared in  
graphite under the extreme conditions of 
280°C and 50 kbar o n  molten lithium in Fig. 2. Plots of voltage versus reversible capacity 

for the second charge-discharge cycle of repre- 
sentative carbon samples from regions 1 , 2 ,  and 3 
of Fig. 1 .  (A) Synthetic graphite (Johnson-Mat- 
they); (B) petroleum pitch (Crowley Tar Co.) heat- 
ed to 550°C; (C) resole resin (Occidental Chemical 
Co.) heated to 1000°C. Arrows designate the di- 
rections the curves are traversed as Li is added to 
(to the right) or removed from (to the left) the car- 
bon samples. 

l l " ' I ' ! ' j  
0.0 0.1 0.2 0.3 0.4 0.5 

Disorder probability P 

contact with the  graphite. Apparently, 
these conditions are sufficient to induce the  
occupation of nearest-neighbor sites in  
Li,C6. Hoa,ever, we do  not believe that 
nearest-neighbor sites are occupied in any 
of the carbons in  regions 1, 2, and 3 under 
ambient conditions for the  following rea- 
son: Lithium intercalates into solids because 

Fig. 3. Reversible capacity of region 1 carbons 
plotted a s  a funct~on of the probability P of turbo- 
stratic disorder between adjacent carbon sheets. 
The line is the relation Q = 372(1 - P), where Q is 
the capacity. For the purposes of this plot, samples 
corresponding to different symbols are equivalent. 
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atolnic ratios in  the neighborhood of 0.2. 
Because the hvdrogen in these materials , " 

could he playing a crucial role in the mech- 
anism of lithium insertion, we synthesized a 
series of materials a t  different telnneratures 
from petroleum pitches, polyvinyl chloride, 
and polyvinylidene fluoride. Figure 4 shows 
the correlation between reversible specific 
capacity and H/C atolnic ratio for these 
region 2 materials (9).  T h e  solid line in  Fig. 
4 is that expected if each H atom can bind 
to a Li a t a n  within the solid and if a 
hydrogen-free soft carbon heated to  near 
1000°C has a capacity of 300 mA.hour gP1. 
Even the  data from (16) fit nicely in  the  
trend. Note  that the  data in Fig. 4 are for 
the  second charge-discharge cycle of these 
cells; these materials do not maintain their 
large capacities for more than a dozen or so 
cycles (9) .  

T h e  substantial work that has been done 
o n  ternary graphite-alkali-hydrogen materi- 
als lnav be iluoortant to  our observations in 
Fig. 4. In  a massive review of the  subject 
(1 Y), Enoki et nl. showed that charge trans- 
fer from alkalis to hydrogen in  carbons is 
expected. Therefore, we believe that Li at- 
oms can bind in the  vicinitv of H atoms in 
these hydrogen-containi~~g carbons. T h e  in- 
serted lithium could transfer part of its 2s 
electron ( in  a covalent bond) to a nearby 
hydrogen, resulting in a corresponding 
change to  the H-C bond. This would cause 
changes in the  relative atolnic positions of 
the C and H atoms; these bonding changes 
would he activated processes, which can 
lead to hysteresis. Bonding changes in the  
host have been shown to cause hysteresis in  
such electrochemical measurements (20).  
During charging, when the lithium is re- 
llloved from the carbon, the  original H-C 
bol~ds  a,ould reform. If the  reforming of the  
bol~ds  is not complete, then it is likely that 

the cycling capacity would sloa,ly decay, as 
observed (9) .  W e  stress that we do not 
believe that bulk lithium hydride is being 
formed in  these materials, and further work 
is needed to  determine exactlv how the  
lithium is attached near the hydrogen. 

Hard Carbon 
Precursors-Region 3 

A number of carbons with voltage profiles 
similar to that in Fig. 2 C  have been report- 
ed. Materials that show a low voltage pla- 
teau with a capacity of several hundred 
milliampere-hours per gram and lirtle hys- 
teresis have been prepared by Ornaru et al. 
(21 ) fronl pyrolyzed polyfurf~~ryl alcohol, by 
Takahashi e t  al. (22) from unspecified pre- 
cursors, by Sonohe e t  al. (23) fronl pyrolyzed 
petroleum pitch, and by Liu e t  nl. (10) from 
pyrolyzed epoxy novolac resin. Ishikawa et 
nl. (24) believe that such a capacity corre- 
sponds to the filling of micropores in  the  
carbon by clusters of lithium. This mecha- 
nism would be expected to give weakly 
bound lithium (relative to that in  Li metal) 
and hence a very low voltage plateau, con- 
sistent with exoerirnental results (Fig. 2C) .  , - 

In  our earlier work ( l o ) ,  we showed that 
these carbon materials consisted prin~arily of 
small single layers of carbon arranged Inore 
or less like a house of cards. W e  proposed 
that lithium could be adsorbed on both of 
the surfaces of these single sheets, leading to 
Inore lithium per carhon than in intercalated 
graphite. In lithium-intercalated graphite, 
there is one layer of intercalated lithium for 
each carbon sheet. In  carbons comnosed 
mainly of single layers, Li atoms at the same 
areal density presu~nably could he adsorbed 
o n  each side of the sheet. leadine to two - 
layers of lithiuin for each carbon sheet and 
hence a theoretical maximum capacity of 
Li,C, or 740 n~A'hour  g-l. TO test this 
hypothesis, we prepared a series of carbons 
with varying fractions of single layers (1 0 )  

0.0 0.1 0.2 0.3 0.4 0.5 
HIC atomic ratio 

Fig. 4. Reversible capaclty of region 2 carbons 
plotted a s  a function of their hydrogen content. 
Samples [m, Crowley pltch; 0, KS pitch series A 
(Kureha Co., Japan); A, KS pitch serles B 
(Kureha); *, polyvinyl chloride; A ,  polyvinylidene 
fluor~de] were heated to temperatures between 
550" and 1000°C. Data from ( 7  6) are also shown 
(+). The sold line assumes that each H atom can 
reversibly bind wlth one L atom. 

200' 0.0 012 ' 0.4 0:6 0:8 ' 110 
Single-layer fraction 

Fig. 5. Reversible capacity of regon 3 carbons 
prepared from epoxy-novolac resins heated be- 
tween 900" and 11 00°C plotted a s  a functon of 
ther single-layer fracton. The square point is that 
hypothes~zed for complete adsorption on both 
sdes  of a carbon consisting only of single layers, 
and the n e  is a guide for the eye. 

and measured how much lithium could be 
inserted within them. Figure 5 shows that 
the reversible specific capacity of these re- 
gion 3 materials increases with their single- 
layer fraction. Small-angle x-ray scattering 
(SAX) showed that each of the materials 
with a capacity of >400 mA.hour gP1 in Fig. 
5 contained appreciable nanoporosity (1 0) .  

It is easy to reconcile the surface adsorp- 
tion model proposed here with the  pore- 
filling model of Ishikawa et nl. (24).  W h e n  
the pores become slnall enough (SOAX 
shows that thev are o n  the  order of 15 A in 
diameter), the  ~ d s o r p t i o n  of lithium o n  the  
oore surfaces will essentially fill the  nores 
entirely. In  both models, k e  expec; the  
lithium to he weakly hound (relative to that 
in Li metal), consistent with the  low volt- 
age plateau in Fig. 2C. I n  the  sample used in 
Fig. 2C, -50% of the  C atoms were in  
single layers, with the  remainder in  double- 
and triple-layer groupings. T h e  steeply slop- 
ing portion of the  voltage profile in  Fig. 2 C  
is thought to  arise from the  insertion of 
lithium between carbon layers that are 
stacked in a roughly parallel fashion. 

Conclusions 

Three different mechanisms appear to be 
responsible for the  insertion of l i thium in  
carbonaceous materials that  are relevant 
to the  battery industry. I n  graphitic car- 
bons (region I ) ,  intercalation occurs, but 
lithium cannot  be  a c c o ~ n ~ n o d a t e d  beta2een 
adjacent carbon layers that  show turho- 
stratic disorder. I n  carbons that  contain 
substantial amounts of hydrogen (region 
2) ,  t he  maximum amount of l i thium that  
can  be inserted is proportiollal t o  the  hy- 
drogen content ,  which suggests tha t  the  
l i thium binds so~llehow in  the  vicinity of 
the  H atoms. T h e  voltage-capacity behav- 
ior of the  hydrogen-containing carbons 
shows large hysteresis. In  materials that  
are made up predominantly of single layers 
of carhon and hence inherently incorpo- 
rate nanopores (region 3 ) ,  l i thium appears 
to  adsorb o n  both  sides of the  carbon 
layers. T h e  work presented here and in  
(8-1 0 )  qualitatively identifies the  dorni- 
nan t  physical rnechanis~ns for the  reaction 
of l i thium with the  important carbon 
types. Substantial experimental and theo- 
retical work 1s needed before these mech- 
anisms can  he considered proven. 
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Neurotrophins and Neuronal 
Plasticity 

Hans Thoenen 

There is increasing evidence that neurotrophins (NTs) are involved in processes of neu- 
ronal plasticity besides their well-established actions in regulating the survival, differen- 
tiation, and maintenance of functions of specific populations of neurons. Nerve growth 
factor, brain-derived neurotrophic factor, NT-4/5, and corresponding antibodies dramat- 
ically modify the development of the visual cortex. Although the neuronal elements 
involved have not yet been identified, complementary studies of other systems have 
demonstrated that NT synthesis is rapidly regulated by neuronal activity and that NTs are 
released in an activity-dependent manner from neuronal dendrites. These data, together 
with the observation that NTs enhance transmitter release from neurons that express the 
corresponding signal-transducing Trk receptors, suggest a role for NTs as selective 
retrograde messengers that regulate synaptic efficacy. 

Neurotrophic factors have been consid- 
ered predo~ninantly with respect to their 
functions in regulating the survival and dif- 
ferentiation of selective populations of neu- 
rons during elnbryonic development and 
the maintenance of specific f~~nctions of 
those neurons in adulthood (1). The soec- . , 

t run of the biological actions of neurotro- 
phins (NTs) [the general term coined for 
members of the nerve growth factor (NGF) 
gene farnily] is determined by the site and 
extent of their expression (2)  and of the 
expression of the corresponding receptors 
(1, 3) (Fig. 1). The delicate equilibrium 
hetween the availability of NTs and the 
s u r v ~ ~ ~ a l  and maintenance of specific popu- 
lations of neurons becomes impressi~~elv ap- 
parent in NT knockout mice (4-7). For 
instance, in mice in which the gene encod- 
ing NT-3 has been targeted by homologous 
recombination, the inactivation of even 
one allele of the NT-3 gene reduces NT-3 
rnRNA amounts by about half and results in 
a lnassive reduction of cutaneous mechano- 
receptors and of the corresponding end or- 
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gans, the Merkel cells (8). Accordingly, in 
the peripheral sensory and sympathetic ner- 
vous systems, specific of neu- 
rons are supported by specific NTs, and the 
inactivation of the genes encoding them 
results in serious characteristic defects of 
the sensorv and svmuathetic nervous ST'S- , L 

telns (4-7j. In contrast, in the central nkr- 
vous system (CNS) there is much overlap 
in the trophic support of individual neurons 
(9, 10). The disruption of the expression of 
an individual factor by gene targeting does 
not result in changes as dramatic as those in 
the periphery (4-7). Therefore, the results 
of NT gene targeting experiments in the 
CNS may, at first sight, appear disappoint- 
ing, showing at best a red~~ced expression of 
choline a~et~ltransferase (4) or of selective 
neuropeptides and calcium-binding pro- 
teins (6), which are known to be regulated 
by different NTs (6, 9,  1 1,  12).  However, 
such gene targeting experiments offer the 
possibility of identifying subtle NT effects 
that refine neuronal functions, such as ac- 
tivity-dependent neuronal plasticity. "Neu- 
ronal plasticity" is used to describe a great 
varietv of changes in neuronal structure and " 

f~lnct~on,  but its use here is confined exclu- 

Res. 5, 435 (1990). 
20 For example, hysteres~s in L electrochemical cells 

was observed when Mo-S bonds in LIMOS, were 
broken as the result of the formation of LI-S bonds 
upon furiher ~nseriion of Ith~um [see L. S. Selwyn, W. 
R.  McKinnon, U, von Sacken, C. A. Jones, Solid 
State lonics 22, 337 (1987)l. 

21 A. Omaru, H. Azuma, M. Aoki. A. Kita, Y. N~shi, 
182nd Meeting of the Electrochemical Soclety, To- 
ronto. Canada. 12-16 October 1992 (extended ab- 
stracts of Battery D~vsion, paper 25), p. 34. 

22. Y. Takahash etal., 35th Battery Symposium in Ja- 
pan, Nagoya, 14-16 November 1994 (extended ab- 
stracts), p. 39. 

23. N. Sonobe. M. Ishkawa, T Iwasak~, ibid., p. 47. 
24. M, lsh~kawa, N. Sonobe, H. Chuman, T, lwasak~, 

ibid., p. 49. 

sively to activity-dependent, prolonged 
functional changes, accompanied by corre- 
sponding biochemical and possibly morpho- 
logical alterations. Indeed, there is increas- 
ing evidence that NTs are involved in spe- 
cific aspects of neuronal plasticity. This ev- 
idence originates from obser~lations made in 
co~nplex integrated systems in vivo, in par- 
ticular of the influence of prolonged admin- 
istration of NTs and of corresponding anti- 
bodies (Abs) on the development of the rat 
and cat visual cortex, the most extensively 
studied and well-understood area of the 
~na~n~nal ian  cortex (1 3). Although these 
observations did not reveal the underlying 
mechanisms, including the identification of 
individual neurons involved in NT-mediat- 
ed plasticity, they nevertheless made NTs 
attractive candidates for the performance of 
essential roles in the development and ac- 
tivity-dependent modification of neuronal 
circuits. However, increasingly detailed 
analyses of the activity-dependent regula- 
tion of NT synthesis ( Y ) ,  the mechanism 
and site of NT release from neurons (14, 
15), and the presynaptic ~nodulation by 
NTs of the release of classical transmitters 
(15-19) have recently appeared, which are 
promising with regard to develop~nent of a 
molec~llar understanding of the more corn- 
plex integrated systems of established phys- 
iological relevance. 

Activity-Dependent Regulation of 
NT Synthesis in the CNS 

In contrast to the peripheral nervous system, 
in the CNS NTs are synthesized predomi- 
nantly by neurons under physiological condi- 
tions (2 ,  9)  and, at least in the case of brain- 
derived neurotrophic factor (BDNF) and 
NGF, the amounts of these NT lnRNAs are 
regulated by neuronal activity (9, 20) in ad- 
dition to hormonal influences (9, 11, 21). 
Combinations of in vitro and in vivo analvses. , , 

pe~for~ned mostly in the rat hippoca~npus and 
cerebral cortex, have demonstrated that the 
activity-dependent regulation is mediated by 
classical neurotransmitters. Up-regulation is 
effected by glutamate via N-methyl-D-aspar- 
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