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f o r  I n d u c t i o n  o f  a L a t e  P h a s e  o f  L T P  

Peter V. Nguyen,* Ted Abel, Eric R. Kandel 

Repeated high- f requency trains of st imuli  induce long- term potent iat ion (LTP) in the CA1 
region that  persists for  up to 8 hours in h ippocampa l  sl ices and for days in in tact  animals. 
This long t ime course has made LTP an at t ract ive mode l  for certain forms of long- term 
memory  in the mammal ian  brain. A hal lmark of long- term memory  in the intact animal is 
a requi rement  for t ranscr ipt ion,  and thus whether  the late phase of LTP (L-LTP) requires 
t ranscr ipt ion was investigated here. With the use of di f ferent inhibitors, it was  found in rat 
h ippocampa l  slices that the induct ion of L-LTP [p roduced either by tetanic st imulat ion or 
by appl icat ion of  the cyclic adenosine monophospha te  (cAMP) analog Sp -cAMPS (Sp-  
cycl ic adenosine 3',5'-monophosphorothioate)] was selectively prevented when  tran- 
scr ipt ion was b locked immedia te ly  after tetanizat ion or dur ing appl icat ion of  cAMP. As 
wi th behavioral  memory ,  this requ i rement  for  t ranscr ipt ion had a cri t ical t ime w indow.  
Thus, the late phase of LTP in the CA1 region requires t ranscr ipt ion dur ing a cr i t ical  per iod, 
perhaps because cAMP- induc ib le  genes must  be expressed dur ing this per iod.  

I n  both vertebrates and invertebrates, 
long-term memory differs from short-term 
memory in that it requires the expression of 
genes and the synthesis of proteins during a 
critical period (1-3). In invertebrates, this 
distinction is observed in certain forms of 
long-term synaptic facilitation that contrib- 
ute to memory storage (2). The degree to 
which this molecular distinction between 
short- and long-term plasticity applies to 
the neuronal substrates for memory in the 
mammalian brain is less clear. To address 
this issue, we tested whether hippocampal 
LTP requires transcription. 

Long-term potentiation is a persistent, 
activity-dependent form of synaptic modi- 
fication that can be induced by brief, high- 
frequency stimulation of hippocampal neu- 
rons (4). Because LTP can last for days to 
weeks in the intact animal, it is an attrac- 
tive model for certain types of long-term 
memory in the mammalian brain (5). In- 
deed, like behavioral memory, LTP in the 
CA1 region of hippocampal slices has dis- 
tinct temporal phases (6). An early phase 
beginning immediately after tetanic stimu- 
lation and lasting 1 to 3 hours is induced by 
a single high-frequency train and does not 
require protein synthesis. A late phase (L- 
LTP) persists for at least 8 hours in hip- 
pocampal slices, requires three or more 
high-frequency trains for its induction, and 
is blocked by inhibitors of protein syn- 
thesis or cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase A 
(PKA) (7, 8). 

A requirement for new protein synthesis 
often reflects an alteration in gene tran- 
scription, which suggests that L-LTP in hip- 
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pocampal slices may also involve gene in- 
duction. [ndeed, LTP in the dentate gyrus is 
accompanied by changes in the expression 
of specific immediate-early genes (9). How- 

the expression of LTP with inhibitors of 
transcription have been unsuccessful (lO, 
l l ) .  

We examined the possibility that hip- 
pocampal LTP requires gene expression by 
using the following protocol. First, we car- 
ried out experiments in rat hippocampal 
slices, which avoids anesthesia and assures 
penetration of the inhibitor into pyramidal 
cells critical for LTP (12). Second, we ini- 
tiated LTP with three stimulation trains, 
which induce a robust late and protein syn- 
thesis-dependent phase (9). Third, we used 
two transcriptional inhibitors, actinomycin 
D (ACT D) and 5,6-dichloro-l-13-D-ribo- 
furanosyl benzimidazole (DRB), which have 
distinct mechanisms of action (13). Fourth, 
we monitored the effectiveness of each in- 
hibitor. Finally, we timed the application of 
the inhibitors so as to interfere optimally 
with the putative induction of immediate- 
response genes. 

We first applied 25 IxM ACT D for 2 
hours irmnediately after three high-frequency 
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Fig. 1. Induction of L-LTP by tetanization is blocked by inhibitors of RNA synthesis. Shown are the time 
courses of changes in the slopes of field EPSPs measured from area CA1. (A) Application of ACT D (25 
~M: horizontal bar) beginning at the first tetanus (arrows) blocked persistence of L-LTP (n = 10; P < 0.05 
for all time points later than 100 min after the tetanus). Delayed application of ACT D, beginning 2 hours 
after the first tetanus (second horizontal bar: n = 7), had no effect on LTP maintenance. SarnDle EPSP 
traces were recorded from control (n = 10) and drug-treated slices 5 min before and 270 min after the first 
tetanus. Calibration bars: 1 rnV, 5 ms. We induced LTP by giving three tetanic trains (arrows) (each train 
was 100 Hz for 1 s, with 5-rnin intervals between trains) at twice the test stimulus duration. This pattern 
of stimulation reliably induces a synaptic potentiation that persists for several hours (8). (B) Effect of ACT 
D on base line EPSP slopes (n = 6). (C) DRB (100 ~M) applied for 2 hours beginning at the first tetanus 
prevented induction of L-LTP (n = 11 ; P < 0.05 for all time points later than 100 min after the tetanus). 
Sample field EPSP traces were recorded from control (n = 8) and DRB-treated slices 5 min before and 
3 hours after the first tetanus. Calibration bars: 1 mV, 5 ms. (D) Effect of DRB (100 p.M) on base line EPSP 
slopes (n = 5). Error bars indicate SEM. 
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trains to the Schaffer collaterals and found 
that this blocked induction of L-LTP. In con- 
trol slices, the mean field excitalory postsyn- 
aptic potential (EPSP) slope 4 hours alter the 
tetanus was 199 ± 16% (SEM) of the pre- 
tetanus base line values. By contrast, in drug- 
treated slices the mean EPSP slope was 102 ee 
10% of the base line (P < 0.05, Mann-Whit- 
ney U test). As with behavioral memory, this 
synaptie blockade had a specific time window: 
when ACT D application was delayed 2 hours 
after the first tetanus, there was no blockade 
of L-LTP (Fig. 1A). The mean EPSP slope 
measured in treated slices 4 hours after the 
first tetanus (200 +_ 14% of the base line 
value) was not significantly different from 
that recorded from control slices ( 199 >- 16%; 
P > 0.5). This concentration of ACT D 
inhibited pH]uridine incoq~oratlon into 
RNA in slices by 71 _+ 8% (n = 6) 2 hours 
after drug addition; the inhibition reached 73 
± 5% (n = 8) by 3 hours after addition (0 and 
1 hour after washout, respectively). RNA syn- 
thesis inhibition subsided to 5 _+ 8% (n = 6) 
by 7 hours after drug addition (5 hours after 
washout) (Fig. 2). 

We next used a different transcriptional 
inhibitor, DRB, and obtained similar re- 
suits. Application of 100 btM DRB for 2 
hours immediately after the first tetanus 
also prevented induction of L-LTP. Field 
EPSP slopes measured in DRB-treated slices 
4 hours after the tetanus were 109 _+ 6% of 
the base line compared to 212 _+ 17% of the 
base line in untreated slices (P < 0.05) (Fig. 
1C). Like ACT D, DRB inhibited PH]uri- 
dine incorporation by 66 _+ 8% (n = 8) and 
75 ± 3% (n = 6) 2 and 3 hours after drug 
addition (0 and 1 hour after washout), re- 
spectively (Fig. 2). 

Long-lasting potentiation of synaptic 
transmission in area CA1 can also be elicited 
by treatment of hippocampal slices with Sp- 
cyclic adenosine monophosphorothioate (Sp- 
cAMPS), a membrane-permeant cAMP ana- 

log that activates PKA (8, 14). Because this 
cAMP-induced form of L-LTP is dependent 
on protein synthesis (8), we tested whether 
transcription might also be required for main- 
taining cAMP-induced potentiation. In con- 
trol slices treated with Sp-cAMPS, field EP- 
SPs were potentiated and reached a plateau of 
about 200% of pre-cAMP base line values by 
90 rain alter washout of Sp-cAMPS. Elevated 
responses persisted for the remainder of the 
experiment (Fig. 3). When ACT D was in- 
troduced 30 min before Sp-cAMPS and left 
in the bath for 90 rain, no facilitation was 
observed (Fig. 3). The mean field EPSP slope 
recorded I hour after washout of Sp-cAMPS 
in ACT D-treated slices was 83 _+ 13% of 
pre-cAMP base line values. This value was 
not significanth/ different from the mean 
EPSP slope recorded bdore Sp-cAMPS addi- 
tion (P > 0.5) and was significantly less than 
the increase produced by Sp-cAMPS in the 
absence of ACT D (P < 0.05). 

The complete abolishment by ACT D of 
the potentiation produced by Sp-cAMPS 
(Fig. 3) suggests that the facilitation in- 
duced by Sp-cAMPS differs from that in- 
duced by tetanic stimulation of the Schaffer 
collaterals because Sp-cAMPS seems to in- 
duce a form of long-lasting potentiation 
that from its onset is entirely dependent on 
transcription. This would suggest the ab- 
sence of an early, transcription-indepen- 
dent phase. It is interesting that anisomy- 
cin, a protein synthesis inhibitor, also com- 
pletely blocks the onset of Sp-cAMPS-in-  
duced LTP (9). However, the initial 
transient synaptic depression induced by 
Sp-cAMPS (Fig: 3) (8) might mask an earls' 
facilitation so as to yield only an apparently 
slow-onset potentiation that is dependent 
on transcription. 

Although A C T  D and DRB blocked 
transcription and induction of L-LTP, these 
drugs may also produce nonspecific effects. 
For example, treatment with ACT D slight- 

Fig. 2. ACT D (25 ixM) and DRB (100 txM) inhibit ~" 100- 
RNA synthesis in hippocampal shces. Rat hip- g 
pocampal slices were incubated in an interface 
chamber, and after a 1 -hour recovery period, drugs ~. 75- 
at the indicated concentration were added. One 
hour after drug addition, [aH]uridine (NEN-Dupont) = 
(20 p, Ci/ml) was introduced. After another hour in .~ 50- 
[3m]uridine, the drug and radioactive nucleotide ~ [ |  1 
were washed out by pedusion. Slices were re- 
moved at the indicated times, frozen on liquid N2, "~ 2 
and stored at -70°C. Extracts were prepared, and 
the incorporation of [3H]uridine into trichloroacetic ,~ 
acid (TCA)-precipitable material was assayed as "~ 
described {31 ). We calculated the percentage inhi- 
bition at each time point by determining the ratio of 

(8--} (6) ~ ACT 
i 

+ I I I 

0 1 3 5 
"13me after washout (hours) 

TCA-precipitable radioactivity to the total radioactivity of control and experimental samples. In these 
experiments, the effects of both ACT D and DRB were reversed upon washout, an observation consistent 
with the low doses of drugs used and the long time course of continuous perlusion of the slices after drug 
treatment. Unlike ACT D, inhibition by DRB reversed more rapidly upon washout, with the level being only 
9 +_ 7% (n = 4) 5 hours after DRB addition (3 hours after washout: P < 0.05, as compared to ACT 
D-treated slices). Numbers in parentheses indicate the number of hippocampal slices. 
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Ix increased base line EPSP slopes (Fig. 1B) 
(129 m 10% of base line; n = 6), which 
reversed upon washout of the drug. This 
increase, however, cannot explain the ob- 
served decline of L-LTP in drug-treated, 
tetanized slices, because DRB did not pro- 
duce this effect (Fig. ID; n = 5). Thus, the 
use of two different transcription inhibitors 
that act through distinct mechanisms (13) 
allows us to conclude that the blockade of 
L-LTP induction was attributable to tran- 
scriptional inhibition. 

The finding that the late phase of LTP 
requires transcription raises the question of 
whether synapse specificity is maintained 
during the late phase, despite the fact that 
the newly synthesized gene products can, in 
principle, be transported to inactive as well 
as active synapses. To address this, we ex- 
amined synapse restrictions during L-LTP 
using two different pathways. We found 
that after repeated tetanization, the mean 
EPSP slope of the tetanized pathway was 
significantly higher throughout a 4-hour re- 
cording period (P < 0.01, n = 9) than were 
the mean slopes recorded from an unstimu- 
lated test pathway in the same slices (Fig. 
4A). The test pathway showed no signifi- 
cant change in EPSP slope during the entire 
recording period (P > 0.5 for all time points 
in the test pathway of Fig. 4A). These 
results establish that the late phase of LTP 
is input-specific, like the early phase (15). 

Using the same two-pathway protocol, 
we found that A C T  D blocked expression 
of L-LTP in the tetanized pathway without 
significantly changing base line transmis- 
sion in the unstimulated test pathway of the 
same slices (Fig. 4B). A C T  D significantly 
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Fig. 3. Sp-cAMPS induces a long-lasting synaptic 
potentiation that is blocked by ACT D. A 15-min 
application of Sp-cAMPS (100 txM) produced a 
potentiation of synaptic transmission in control 
slices (n = 6) that was blocked by ACT D (25 ixM, 
n = 7). ACT D was applied for 90 min, beginning 
30 min before introduction of Sp-cAMPS. Both 
were applied by continuous peffusion. Sample 
field EPSP traces were recorded from control and 
ACT D-treated slices 5 min before and 2 hours 
after introduction of Sp-cAMPS. Calibration bars: 
1 mV, 5 ms. 
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the tetanized pathway (P < 0.05, n = 7, 
compared with the tetanized pathway in the 
control slices of Fig. 4A). These experi- 
ments provide additional evidence for a 
lack of effect of ACT D on base line trans- 
mission in area CA1. 

Our results suggest a possible pathway for 
the flow of neuronal information for L-LTP 
from the membrane to the genome in the 
postsynaptic cell. Tetanization sufficient to 
induce L-LTP causes a transient increase in 
the concentration of cAMP in the pyrami- 
dal cells of area CAI,  by means of a Ca 2+- 
stimulated activation of adenylyl cyclase (8, 
16, 17). As the result of a tetanus, Ca z+ 
enters the pyramidal cell through N-meth- 
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Fig. 4. The late phase of LTP is input-specific. (A) 
High-frequency stimulation of one pathway (teta- 
nized) to CA1 produced a long-lasting increase in 
the EPSP slope, whereas an unstimulated test 
pathway (non-tetanized) in the same slices re- 
mained unpotentiated. Sample traces for both 
pathways were recorded from the same slice 10 
min before and 3 hours after tetanization. (B) ACT 
D (25 ~M) applied for 2 hours immediately after 
the first tetanus blocked expression of L-LTP with- 
out affecting base line transmission in an unstimu- 
lated test pathway. Sample traces were recorded 
from the same slice at 10 rain before the tetanus 
(both pathways), 30 rain after the tetanus (teta- 
nized pathway only), and 3 hours after the tetanus 
(both pathways). Scale bars: 1 mV, 10 ms for both 
(A) and (B). 

and perhaps also through voltage-gated 
Ca z+ channels (18). The rise in cAMP 
activates PKA, which alone or in combina- 
tion with the CaZ+-calmodulin-dependent 
protein kinase [[ (CaMKII) activated by 
Ca z+ influx might activate the cAMP-re- 
sponsive element binding protein (CREB) 
(19) and perhaps other constitutive tran- 
scription factors. The finding of a critical 
time window is consistent with the recruit- 
ment,: by CREB and other constitutive tran- 
scription factors, of immediate-response 
genes, many of which are expressed be- 
tween 0.5 and 3 hours after LTP induction 
in the hippocampus (9). The products of 
immediate-early genes activated by LTP in- 
clude effector proteins such as tissue plas- 
minogen activator (tPA), growth factors, 
and a mitogen-activated protein kinase- 
specific phosphatase, as well as transcrip- 
tion factors such as zif268 that may initiate 
a gene cascade (9, 20). Because a similar 
molecular switch for long-term facilitation 
seems to be operative in invertebrates (21, 
22), our studies suggest that this mechanism 
for L-LTP may be quite general. 

Finally, the transcriptional requirement 
for L-LTP suggests that although expression 
of the early phase is predominantly presyn- 
aptic (23), maintenance of the late phase of 
LTP may well involve the postsynaptic cell. 
LTP is induced postsynaptically by NMDA 
receptor-mediated Ca z+ influx (24), and a 
retrograde signal emanating from the 
postsynaptic cell is thought to trigger 
changes in the activated presynaptic termi- 
nals that lead to their long-lasting potenti- 
ation (25). Our finding that the late phase 
of LTP is input-specific (that is, restricted 
to the tetanized pathway) suggests that de- 
spite modifications of gene expression 
throughout the postsynaptic cell, the poten- 
tiation remains spatially confined to the 
postsynaptic dendrites directly apposed to 
the terminals of the activated fibers. Struc- 
tural modifications at activated postsynap- 
tic spines, mediated by dendrite-specific 
targeting of gene products (26, 27), may 
underlie the input specificity of L-LTP. 

R E F E R E N C E S  A N D  N O T E S  

1. B. Agranoff, Chemistry of Mood, Motivation, and 
Memory (Plenum, New York, 1970). 

2. P. Goelet, V. F. Castellucci, S. Schacher, E. R. Kan- 
del, Nature 322, 419 (1986L 

3. V. F. Castellucci, T. E. Kennedy, E. R. Kandel, P. 
Goelet, Neuron 1,321 (t989). 

4. 12 V. P. Bliss and T. Lemo, J. PhysioL (London) 232, 
331 (1973). 

5. T. V. P. Bliss and A. R. Gardner-Medwin, ibid., p. 
357; R. M. Douglas and G. V. Goddard, Brain Res. 
86, 205 (1975); L J. Teyler and P. Discenna, Brain 
Res. Rev. 7, 15 (1984). 

6. H. Matthies, Prog. NeurobioL 32, 277 (1989). 
7. U. Frey, M. Krug, K. Reymann, H. Matth~es, Brain 

Res. 452, 57 (1988). 
8. U, Frey, Y.-Y. Huang, E. R. Kandel, Science 260, 

1661 (1993). 

J. M. Baraban, P. F. Worley, Nature 340,474 (1989). 
10. S. Otani, C. J. Marshall, W. P. Tate, G. V. Goddard, 

W. C. Abraham, Neuroscience 28, 519 (1989); U. 
Frey, T. Seidenbacher, M. Krug, Soc. Neurosci. 
Abstr. 19, 912 (1993). 

11+ This failure could reflect the lack of a transcriptional 
requirement for LTP, Alternatively, failure of the inhibi- 
tots to block LTP may also be due to one or more 
methodological factors. For example, most eadier ex- 
periments were carried out in intact animals that were 
anesthetized (10), a procedure that often blocks gene 
expression (28). Also, induction of the late, protein syn- 
thesis-dependent step of LTP requires repeated trains 
of tetan~c stimulation (29). Because these stimulation 
parameters were not used in some of the earlier stud- 
ies, they may have led to suboptimal L-LTP (30). 

12. Transverse hippocampal slices (400 t.,.m thick) from 
5-week-old male Sprague-Dawley rats were pre- 
pared with conventional procedures and were main- 
tained in an interface chamber at 28°C. Slices were 
subfused at a flow rate of 1 mVmin with an oxygen- 
ated (95% 0.2/5% CO2) saline solution consisting of 
124.0 mM NaCI, 4.4 mM KCI, 1.3 mM MgSO 4, 1.0 
mM NaH~PO 4, 26.2 mM NaHCO 3, 2.5 mM CaCI 2, 
and 10 mM glucose. Slices were allowed to recover 
for 90 rain before recordings were attempted. A bi- 
polar, nickeFchrom~um stimulating electrode was 
placed in the stratum radiatum layer of the CA1 re- 
gion, and extracellular field potentials were recorded 
with a glass microelectrode (5 megohms, filled with 
perfusion saline) pomtioned in the stratum radiatum. 
Stimulation intensity was adjusted to give field EPSP 
amplitudes about 35% of maximum evoked ampli- 
tudes. Base line responses were evoked at 0.02 Hz. 
Five biphasic constant current pulses (0.2 Hz) were 
used for sampling at 2- and 10-min intervals after 
LTP induction. We measured the presynaptic fiber 
volley amplitude before and after tetanization and 
found no significant change in volley size after LTP 
induction, l-he mean sizes measured 10 min and 1, 
2, 3, and 4 hours after tetanization were 118 ± 15%, 
99 ± 9%, 84 ±16%,115 ± 6%, and122 ±14% of 
pre-tetanus values, respectively (P > 0.2, n = 5). 
Hence, the potentiation induced under these condi- 
tions cannot be attributed to alterations in presynap- 
tic fiber excitability. The EPSP slope (mV/ms) was 
measured from the average waveform acquired from 
five consecutive sweeps. Data were statistically eval- 
uated with a two-tailed Mann-Whitney U test. Acti- 
nomycin D was prepared as a concentrated stock 
solution in 95% ethanol and then diluted to the ap- 
propriate final concentration in the perfusate (0.05% 
ethanol). Application of ethanol (0.05%) alone had no 
effect on LTP. DRB was dissolved in the perfusate by 
sonication. Both drugs were applied to slices by con- 
tinuous subfusion for 2 hours. 

13. I. Famm and P. B. Sehgal, Adv. Virus Res. 22, 187 
(1978); H. Sobell, Prog. Nucleic Acid Res. MoL Biol. 
13, 153 (1973); J. Hurwitz etaL, Prec. Natl. Acad. 
ScL U.S.A. 48, 1222 (1962); E. Reich etal., ibid., p. 
1238; E. Reich, R. M. Franklin, A. J. Shatkin, E. L. 
Tatem, Science 134, 556 (1961). 

14. E. Butt, M. van Bemmelen, L. Fischer, U. Walter, B. 
Jastorff, FEBS Lett. 263, 47 (1990). 

15. P. Andersen, S. Sundbergt, O. Sveen, H. Wigstrom, 
Nature 266, 736 (1977); G. Lynch, T. Dunwiddie, V. 
Gribkoff, ibid., p. 737. 

16. D. M Chetkovich, R. Gray, D. Johnston, J. D. Swe- 
att, Proc, Natl. Acad. ScL U.S.A. 88, 6467 (1991). 

17. D. M. Chetkovich and J. D. Sweatt, J. Neurochem. 
61, 1933 (1993). 

18. T. H. Murohy, P. F. Worley, J. M. Baraban, Neuron 7, 
625 (1991). 

19. M. Sheng, G. McFadden, M. E. Greenberg, ibid. 4, 
571 (1990). 

20. Z. Qian, M. E. Gilbert, M. A. Colicos, E. R. Kandel, D. 
Kuhl, Nature 361,453 (1993). 

221. P. K. Dash, K. Karl, M. Colicos, R. Prywes, E. R. 
Kandel, Proc. Natl. Acad. Sci. U.S.A. 88, 5061 
(1991); P. K. Dash, B. Hochner, E. R. Kandel, Nature 
345, 718 (1990}. 

22. R. D. Hawkins, E. R. Kandel, S. A. Sieqetbaum, 
Annu. Rev. NeuroscL 16, 625 (1993); G. Albenn~, M. 
Ghirardi, R. Metz, E. R. Kandel, Cell 76, 1099(1994). 

1106 SCIENCE • VOL. 2,65 • L9 AUGUST t994 



qr 

23. J. M. Bekkers and C. F. Sfevens, Nature 346. 
724 (1990); R. Mahnow and R. W. -IsJen, ibid., p 
177; A. Malgaroh and R. W. 't sren, 1ibid. 357. 134 
(1992). 

24. G. Lynch, J. Larson, S. Kelso, G. Bamonuevo. F 
Schottler, ibid. 305,719 (1983); R. C. Malenka, J. A 
Kauer, R. S. Zucker. R. A. Nicoll, Sciencc 242, 81 
(1988). 

25. E. M. Schuman and D. V. Madison. Science 254. 
1503 (1991); T. J. ©'Dell, R. D. Hawkins, E. R. 
Kandel, O. Arancio, Proc. Natl. Acad. Sci. U.&A 
88, 11285 (1991). 

26. C. H. Bailey and E. R. Kandel, Annu. Rev. Physiol. 
55,397 (1993}. 

27. O. Steward and G. Banker, 7rends Neurosci. 15, 
180 (1992). 

28. M. Dragunow et al., Neurosei. Lett 101, 274 
(1989); K. Jeflery, W. C. Abraham, M. Dragunow, 
S. E. Mason, Mol. Brain Res. 8,267 (1990). 

29. Y.-Y. Huang and E. R. Kandel, Learn. Mere. 1, 74 
(1994). 

30. P. F. Worley et al., J. Neurosci. 13, 4776 (1993). 
31. U. Raju, C. Koumenis, M. Nunez-Reguerio, A. Eskin, 

Science 253, 673 (1991). 

32. We thank -I. O'Dell and S. Siegelbaum tot critical 
reading of the manuscript; H. Ayers and A. Krawetz 
for typing the manuscript; and C. Lam for help in 
preparing the figures. E.R.K. is a senior investigator 
of the Howard Hughes Medical Institute. Supported 
by grants from the Dana Foundation (CU507922) 
and NIH (GM32099). P.VN. is a fellow of the Medical 
Research Council of Canada. T.A. holds a fellowship 
(DRG-1257) from the Damon Runyon-Walter 
Winchell Foundation. 

16 March 1994; accepted 15 June 1994 

Arrest of Motor Neuron Disease in wobbler Mice 
Cotreated with CNTF and BDNF 

Hiroshi Mitsumoto,* Ken Ikeda,1 Bogdan Klinkosz, 
Jesse M. Cedarbaum, Vivien Wong, Ronald M. Lindsay* 

Cil iary neuro t roph ic  fac to r  (CNTF) and  b ra in -der i ved  neu ro t roph i c  f ac to r  (BDNF) each 
promote the survival and d i f fe ren t ia t ion  of  deve lop ing  m o t o r  neurons ,  but  do so t h rough  
d is t inct  cel lu lar  s ignal ing pa thways .  Admin is t ra t ion  o f  e i ther  f ac to r  alone has been shown 
to  s low, but  not to  arrest,  p r o g r e s s i o n  o f  m o t o r  neuron  dys func t i on  in w o b b l e r  mice, an 
animal  mode l  of  mo to r  neuron  d isease.  Because  CNTF and  BDNF are k n o w n  to  synerg ize  
in vi t ro and in ovo,  the e f f i cacy  o f  CNTF and  BDNF c o t r e a t m e n t  was tested in the same 
animal  model .  S u b c u t a n e o u s  in ject ion of the two factors on a l te rna te  days was f o u n d  to  
arrest disease progression in wobbler mice for  1 month,  as measured by several behav -  
ioral, phys io log ica l ,  and h is to log ica l  cr i ter ia. 

The cytokine CNTF promotes the survival 
and differentiation of developing motor 
neurons in culture (1), rescues developing 
chicken motor neurons from death in ovo, 
and retards axotomy-induced death of facial 
nerve motor neurons in the neonatal rat 
(2). Administering CNTF to mice with in- 
herited neuromuscular deficits slows bur 
does not halt disease progression (3, 4). 
BDNF, a member of the neurotrophin fam- 
ily of neurotrophic factors, promotes the 
survival or differentiation of rat and chick- 
en motor neurons in vitro and in vivo (5, 
6), and synergistic interactions between 
BDNF and CNTF have been observed in 
studies with cultured rat neurons and in ovo 
(6, 7). 

To assess the potential synergistic effects 
of CNTF and BDNF in vivo, we adminis- 
tered these factors to wobbler mice, an ex- 
tensively characterized animal model of 
motor neuron disease relevant to amyotro- 
phic lateral sclerosis and spinal muscular 
atrophy (8, 9). Mice with this inherited 
defect display forelimb muscle weakness be- 
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ginning at 3 to 4 weeks of age, after which 
progressive paralysis, denervation atrophy, 
and contracture develop rapidly. Perikaryal 
vacuolar degeneration and neuron loss oc- 
cur in the anterior horn of the spinal cord. 
Administration of CNTF alone (4) or (to a 
lesser extent) BDNF alone (10, 11) has 
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been shown to slow disease progression in 
these mice. 

Upon diagnosis, 15 affected wobbler mice 
were randomly assigned to one of two treat- 
ment groups that received alternating doses 
of CNTF [1 mg per kilogram of body weight 
(mg/kg)] and BDNF (5 mg/kg) three times 
per week (n = 8) or vehicle solutions (n = 
7) (12) for 4 weeks. All studies were blinded 
(13). Drug or vehicle was given by subcu- 
taneous injection to the shaved lumbosacral 
area under halothane anesthesia. In a sep- 
arate experiment, CNTF (l mg/kg) or 
BDNF (5 mg/kg) alone was given five times 
per week to each of two groups of six wob- 
bler mice for 4 weeks. All animals showed 
normal weight gain, and no adverse effects 
were seen in any of the treatment groups. 
The wobbler mice treated with vehicle so- 
lution showed a loss of grip strength (Fig. 
1A), and paw position abnormalities pro- 
gressed from mild to very severe (Fig. IB). 
In contrast, the mice injected on alternate 
days with CNTF and BDNF showed no loss 
of mean grip strength, and paw position 
abnormalities showed no change. Several of 

Fig. 1. Comparison of forelimb muscle function 
(A) and gradation of paw position abnormalities 
(B) in wobbler mice treated with vehicle solution (n 
= 7) or CNTF plus BDNF (n = 8). Shown in (A) are 
individual 6cores and means of grip strength mea- 
surements made at base line (3 to 4 weeks of age) 
and at weekly intervals for 4 weeks. Starting from 
the same base line, vehicle-treated mice (open 
circles) rapidly and progressively lost grip 
strength, whereas mice treated with CNTF and 
BDNF (solid circles) as a group maintained their 
initial grip strength. Grip strength differed signifi- 
cantly between the two groups at and after week 
1 (P < 0.0005). The solid lines indicate the means 
for each group. Almost half the mice cotreated 
with CNTF and BDNF attained a grip strength that 
was comparable to that of 10 unaffected litter- 
mates, as shown in the shaded area (mean grip 
strength _+ SD at 4 and 8 weeks of age). In (B), 
paw position abnormalities were graded as 
shown in the upper panel. All animals started as 
grade 1 (12). Over the course of 4 weeks, most of 
the vehicle-treated mice were judged to be grades 
3 or 4, whereas mice cotreated with CNTF and 
BDNF did not go beyond grade 1. 
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