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CA3 Hippocampal Neurons The CA3 pyramidal neuron of the hippo- 
campus receives three major excitatory syn- 
aptic inputs: the mossy fiber, comrnissural, 

STEPHEN WILLIAMS AND DANIEL JOHNSTON and recurrent pathways. It has been shown 
by extracellular measurement that LTP of 

Behavioral studies have suggested that muscarinic cholinergic systems have an impor- the putative mossy fiber synaptic response is 
tant role in learning and memory. A muscarinic cholinergic agonist is now shown to not blocked by 2-amino-5-phosphonovaler- 
affect synaptic plasticity in the CA3 region of the hippocampal slice. Long-term ate (APV) ( I I ) ,  an N-methyl-D-aspartate 
potentiation (LTP) of the mossy fiber-CA3 synapse was blocked by muscarine. Low (NMDA) antagonist, but LTP of the com- 
concentrations of muscarine (1 micromolar) had little effect on low-frequency (0.2 missural-associational input to CA3 is 
hertz) synaptic stimulation but did significantly reduce the magnitude and probability blocked by APV (1 1, 12). As a test of our 
of induction of LTP. Experiments under voltage clamp showed that muscarine blocked criteria for identifying mossy fiber responses 
the increase in excitatory synaptic conductance normally associated with LTP at this (6, 8) (which were the location of stimulat- 
synapse. These results suggest a possible role for cholinergic systems in synaptic ing electrode and EPSC kinetics), several 
plasticity. experiments were performed in the presence 

of APV. We found that APV (10 pM, 

L ONG-TERM POTENTIATION (LTP) IS tials (EPSPs) and currents (EPSCs) (6, 8); n = 5; 50 pM, n = 2) had no significant 
a form of use-dependent synaptic to prevent epileptiform discharges, 3 mM effect on the control EPSP or EPSC ampli- 
plasticity that is an attractive candi- CaZ+ and 3 mM were present in the tude, and LTP could still be evoked (mean 

date as a substrate for learning and memory bathing medium (8, 9). Measurements of EPSP increase + 71 i 17%, n = 4). There 
(1). LTP is a prominent feature of all excit- EPSPs were made between -70 and -90 was no significant difference between LTP 
atory synapses studied so far in the hippo- mV (constant for any given cell) to prevent obtained in control cells compared to that in 
campus, an area of critical importance for action potential generation. At this hyper- cells tetanized in the presence of APV, con- 
certain types of memory processing (2). polarized holding potential, muscarine had firming that the observed LTP is not depen- 
Lesion of the cholinergic afferents to the little effect on input resistance, in contrast to dent on NMDA receptor activation. 
hippocampus, the fimbria of the fornix (3 ) ,  potentials close to and positive to the resting In control cells, synaptic responses were 
results in learning deficits in animals, an potential (lo), thereby minimizing conse- constant over time (up to 30 min); after 
impairment that can be mimicked by cholin- 
ergic antagonists (4). Furthermore, memory 
deficits occurring with certain senile demen- A 

Control +30' 15 'PT  
C 

tias have an associated diminishment of cho- - - - - - -  - - - - - - -  0 Control 
linergic function (5). We have investigated COntrO"I Y--- -f--- 

R +I /.lM 
the effects of the cholinergic agonist musca- +I  P M  -=-- 
rine on LTP in the voltage-clamped mossy Must 
fiber-CA3 pyramidal cell synapse of the .N 100 

20 m v L  - 
hippocampus, a synapse particularly suitable 25 ms E 80 
for detailed biophysical analysis (6). B g z  

Transverse hippocampal slices (450 pm) Control +30' 15' PT 'Sg 60 
0 U) 

were prepared from adult rats and main- COntrO1 --- - - - - - -  ---- - - - - -  -- - Pg 40 - 
tained in vitro, at 32" to 34"C, with standard +I /.lM al 

v techniques (6-9). Conventional single-elec- 7( $ 20 
- - - - - - - - - - - - - - - P 

trode voltage-clamp experiments were per- 
formed with low-resistance microelectrodes 40 mV E P ~ P  EPSC gs 1 n A L  
(20 to 40 megohms). Picrotoxin (10 pM) 10  m s  
was added routinelJ' to the F I ~ .  I.  he effects of muscarine on synaptic trans~nission and LTP. (A) Upper traces show that in a 

postsynaptic currents, control cell the EPSP is stable for 30 min (30t), but that 15 rnin after tetanus (15' PT) an increase in 
thereby dowing unambiguous measure- amplitude is seen. The lower traces (musc, different cell) show that 1 kM muscarine produced a small 
merit of the excitatory postsynaptic poten- depression of the EPSP before tetanus and prevented the development of LTP at 15' PT. (B) In a 

similar experiment under voltage clamp (V, membrane potential; I, clamp current), LTP in the control 
cell was seen as an increase in the EPSC, but in the muscarine-treated cell no increase was apparent. (C) 

Program in Neuroscience, Section of Neurophysiolo 
Department of Neurology and Department of Physiog: Summary of the actions of muscarine (1  and 10 KM) on synaptic transmission in the absence of tetanus. 

gy Molecular Bio hysics, Baylor a d e g e  of Me&- data were normalized to control. EPSP: 1 KM, n = 10; 10 kM, n = 6. EPSC: 1 kM, n = 8; 10 kM, 
cme, Houston, TX 77930. n = 5 . g , :  1 kM,n=5 .  
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tetanus, however, there was a marked, sus- 
tained increase in EPSP amplitude (Fig. 
1A). LTP was seen in 13 of 15 control cells 
(mean EPSP increase +50 * 9%, n = 15). 
In contrast, only 3 of 10 cells tetanized in 
the presence of 1 pM muscarine showed 
LTP (mean EPSP increase + 7 * 9%, 
n = 10). Under voltage clamp, 11 of 12 
control cells showed LTP (mean EPSC in- 
crease +43 * 11%) compared to 1 of 7 
muscarine-treated cells (mean EPSC in- 
crease +6 * 6%). In the cell shown in Fig. 
lA, the addition of muscarine (1 pM) pro- 
duced a small depression of the EPSP and 
prevented the development of LTP. (In 
control and muscarine-treated cells, the 
stimulus amplitude for the tetanus train was 
adjusted such that it evoked an EPSP of 10 
mV for a single stimulus to compensate for 
any changes in EPSP amplitude induced by 
muscarine before the tetanus.) In another 
cell, under voltage clamp, there was little 
effect of 1 pM muscarine on the EPSC (Fig. 
lB), but again LTP was not obtained. At a 
higher dose (10 pM), muscarine produced a 
significant depression of synaptic transmis- 
sion (Fig. lC), as previously reported in the 
CA1 region (13). At 1 pM this effect was 
sometimes apparent but much less pro- 
nounced (Fig. lC), and in a few celts 1 pM 
actually increased the EPSP. In the absence 
of tetanus the effects of muscarine were 
reversed after 20 to 45 min of wash. In four 
experiments 1 pM muscarine was added 
immediately after the tetanus and continu- 
ously pehsed for up to 30 min. In these 
experiments LTP was observed (mean EPSP 
increase +42 * 7%). 

In Fig. 2 the time course of the EPSP 
amplitudes is shown before and after the 
tetanus. The EPSP amplitudes are plotted 
versus time, pooling data from all the con- 
trol cells (Fig. 2A). The EPSP amplitudes 
are fairly stable with time, but after tetanus, 
given at the 0 time point, there is a marked 
potentiation, shown in Fig. 2A when mea- 
sured at 5, 10, 15, and 30 min after tetanus. 
All time points after tetanus were signifi- 
cantly larger than control (paired t test, with 
Bonferroni correction). With the applica- 
tion of 1 pM muscarine (Fig. 2B, pooled 
data from all muscarine-treated cells), no 
potentiation was observed after 15 min. 
Some potentiation may have occurred after 
tetanus at the 5-min time point, but this was 
not significantly larger than control. 

In most experiments, input-output (1-0) 
curves were constructed for a range of stim- 
ulus intensities before and after tetanus. In a 
control cell (Fig. 3A) after tetanus there was 
a pronounced leftward shift in the 1-0 rela- 
tion, indicating the development of LTP. 
This shift was also observed under voltage 
clamp (Fig. 3B, different cell). Muscarine (1 

pM) produced in some cells a slight leftward LTP was observed under voltage clamp in 
shift in the 1 -0  curve of the EPSP before another cell in which muscarine had little 
tetanus (Fig. 3C) but still prevented the effect on the EPSC amplitude before tetanus 
development of LTP. A similar block of (Fig. 3D). 

Fig. 2. Time course of the A B 
change in the amplitudes of 
the synaptic responses be- 
fore and after tetanus. In 14 

each intensity experiment was chosen a stimulus that - 12 I :  

: ,  

evoked an approximately $ 
10-mV EPSP to a test pulse. I 0 
The time course of changes 2 
in the response to this test w 8 
stimulus is plotted. (A) Data 
are pooled from ten control 6 
cells and each point is a 
mean ? SEM. The first two -15 0 15 30 -15 0 15 30 
time points are before teta- 
nus controls, 15 min and Time (min) 
just prior to tetanus. All responses after tetanus were significantly larger than before tetanus control 
values (paired t test, with Bonferroni correction). (6) Data pooled from ten muscarine-treated cells. The 
first time point shows control EPSP and the second is the before tetanus EPSP in the presence of 1 KM 
muscarine. After tetanus no significant changes were observed in EPSP amplitude. (Stimulus trains are 
indicated by the arrows.) 

20 - 
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W 

15' PT 

0 I 
0.1 0.2 0.3 0.4 0.5 

Stimulus current (mA) Stimulus current (mA) 

Fig. 3. Synaptic 1-0 relations measured under current and voltage clamp. (A) Control cell exhibiting 
LTP under current clamp. Peak EPSP amplitude is plotted versus stimulus current under control 
conditions and 15 min after tetanus. (B) 1-0 curves for a control cell (different cell) under voltage 
clamp, before and after tetanus. (C) Muscarine-treated cell under current clamp. Curves were 
constructed before (control) and 15 min after superfusion of 1 KM muscarine and then 15 min after 
tetanus. In this cell there was a small increase in the EPSP with muscarine, but no LTP was observed. 
(D) A similar experiment under voltage clamp (different cell). In this case 1 pM muscarine had little 
effect on the EPSC, and once again LTP was not obtained. In (C) and (D), muscarine was washed from 
the bath immediately after tetanus (9). (Points are mean of at least four determinations, and error bars 
represent SEM.) 
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Fig. 4. Voltage-clamp analysis of mossy fiber synaptic conductance. (A) Current-voltage plot for a 2 control cell, holding potential versus peak EPSC. The increase in slope of the line after tetanus (15' PT) 
indicated an increase ing,. (B) In a second cell treated with 1 PM muscarine, g, was slightly decreased, O C P T M  C P T M  C P T M  
and LTP was blocked. Muscarine was washed from the bath immediately after tetanus (9) .  Lines were EPSP EPSC 
determined by linear regression. (C) A summary of the action of 1 yM muscarine on LTP. Data g.9 

normalized to before tetanus control. EPSP: 15' PT, n = 15; 1 yM, n = 10. EPSC: 15' PT, n = 11; 1 pM, n = 7. g,: 15' PT, n = 4; 1 yM, n = 5. 
Abbreviations: C, control; PT, 15 rnin after tetanus; and M, + 1 pM muscarine. 

An increased synaptic conductance (g,) 
underlies LTP at the mossy fiber synapse, 
with no detectable change in passive mem- 
brane properties or synaptic reversal poten- 
tial (8). We therefore tested the hypothesis 
that muscarine prevents this increase in g,, 
rather than acting through other mecha- 
nisms such as an alteration of the synaptic 
reversal potential or an induced nonlinearity 
in the voltage dependence of the EPSC. The 
amplitude of the EPSC was determined at a 
range of holding potentials, and gs was 
calculated from the slope of the current- 
voltage relation. In a control cell, gs in- 
creased from 17 to 23 ns  15 min after 
tetanus, with little change in the reversal 
potential (Fig. 4A). In contrast, there was 
no significant increase in gs in the cell teta- 
nized in the wesence of- l  uM muscarine 
(Fig. 4B). In Sontrol cells the' mean increase 
in gs was +41 i 2% (n = 4, four of four 
were greater than +20%), whereas in 1 FM 
muscarine-treated cells the increase was sig- 
nificantly less, mean +5 i 8% (n = 5, one 
of five was greater than +20%). Muscarine 
application itself produced a decrease ings of 
12 t 5% compared to control, but this was 
not significant. There was no significant 
shift in synaptic reversal potential for either 
group, either as a result of muscarine appli- 
cation or tetanization. A summary of the 
effects of muscarine on LTP induction is 
shown in Fig. 4C. 

In the CA3 neuron, recurrent and com- 
missural-associational inputs synapse on 
dendrites that are rich in NMDA receptors, 
whereas mossy fibers synapse proximal to 
the cell body in an area almost devoid of 
NMDA receptors (14). In view of the 
known APV sensitivity of LTP in the com- 
missural-associational and Schaffer collateral 
pathways (11, 15), it is likely that LTP of 
recurrent synapses is also dependent on 

NMDA receptor activation, although this is 
difficult to test directly. Thus, the APV 
insensitivity of the LTP measured in this 
study was not surprising and, taken together 
with previous biophysical data (4, supports 
the notion that we are measuring LTP of the 
mossy fiber synapse. 

We have demonstrated that the presence 
of muscarine during: tetanus redices the 
probability of induczon and the amplitude 
of LTP at the mossy fiber-CA3 synapse, 
measured under current and voltage clamp. 
This action can be attributed to a block of 
the increase in excitatory gs that normally 
accompanies LTP. Muscarine is not merely 
occluding LTP by depressing synaptic trans- 
mission because muscarine does not block 
LTP if added after the tetanus. The effects of 
muscarine were in contrast to those of nor- 
epinephrine, which enhances LTP at this 
same synapse (7). Because p-adrenergic re- 
ceDtor activation increases ca2' current in 
hippocampal neurons (1 6), and induction of 
LTP may depend on a rise in postsynaptic 
ca2' concentration (17) (although this has 
not been demonstrated for the mossy fiber 
synapse), norepinephrine might enhance 
LTP by increasing ca2' influx in the post- 
synaptic neuron. ~uscar ine appears tb re- 
duce ca2' currents in CA3 cells (18), sug- 
gesting that the action of muscarine on 
mossy fiber LTP might be mediated by a 
decrease in CaZ+ current in the CA3 cell, 
although other possibilities, including a pre- 
synaptic actio; of muscarine, cannot be 
ruled out. 

If LTP is indeed a substrate for learning, 
then it is likely that its induction is carefdiy 
regulated. At the mossy fiber-CA3 synapse, 
a bidirectional control appears to be exerted 
by muscarinic and nora&energic influences. 
Because LTP at the mossy fiber-CA3 syn- 
apse is APV insensitive, modulation at this 

synapse by neurotransmitters may be differ- 
ent from that observed at other synapses in 
the hippocampus. Although our finding 
that muscarine depresses LTP would not 
have been predicted on the basis of whole 
animal studies (4), it does support a role for 
cholinergic systems in memory, albeit a 
more complex role than previously thought. 
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Prenatal Tetrodotoxin Infusion Blocks Segregation of 
Retinogeniculate Merents 

CARLA J. SHATZ* AND MICHAEL P. STRYKER 

In the adult mammalian visual system, ganglion cell axons from the two eyes are 
segregated from each other into separate layers within their principal target, the lateral 
geniculate nucleus. The involvement of spontaneously generated action potential 
activity in the process of segregation was investigated during the fetal period in which 
segregation normally occurs in the cat, between embryonic day 45 (E45) and birth 
(E65). Tetrodotoxin, which blocks the voltage-sensitive sodium channel, was used to 
prevent action potentials. Fetuses received continuous intracranial infusions of tetro- 
dotoxin from osmotic minipumps implanted in utero on E42. After a 2-week infusion, 
intraocular injections of anterograde tracers revealed that tetrodotoxin prevented 
segregation. The contralateral projection filled the lateral geniculate nudeus uniform- 
ly, and the ipsilateral projection expanded to occupy most of what would normally be 
contralaterally innervated layer A. Thus, in the fetus, long before the onset of vision, 
spontaneous action potential activity is likely to be present in the visual system and to 
contribute to the segregation of the retinogeniculate pathway. 

D URING THE DEVELOPMENT OF 
the vertebrate nervous system, the 
precise pattern of connections pre- 

sent in the adult often emerges from an 
initially diffuse set of connections. For ex- 
ample, in the adult mammalian visual sys- 
tem, inputs from the two eyes are segregated 
from each other into separate layers within 
the lateral geniculate nucleus (LGN) and 
into separate patches, the ocular dominance 
columns, within layer 4 of the primary visual 
cortex (1). However, the initial connections 
within each of these structures are not segre- 
gated. Geniculocortical axons serving the 
two eyes first make intermingled functional 
connections that drive cortical cells in layer 4 
binocularly (2). When retinal ganglion cell 
axons from the two eyes first grow into the 
LGN, they are also intermixed (3). The eye- 
specific layers emerge gradually as the termi- 
nal arborizations of each eye's axons expand 
selectively in territory appropriate to the eye 
of origin, while branches located in inappro- 
priate territory are lost (4). 

Although the mechanisms responsible for 
this process of segregation are not well 
understood, several lines of evidence suggest 
that neuronal activity, such as patterns of 
action potentials and synaptic transmission, 

may play a role (5) .  Formation of ocular 
dominance columns in layer 4 of the cat's 
visual cortex, for example, can be prevented 
by eliminating retinal ganglion cell dis- 
charges with intraocular injections of the 
voltage-sensitive Na' channel blocker tetro- 
dotoxin (TIX), but not by dark-rearing (6),  
which does not abolish the spontaneous 
activity of ganglion cel's. These and other 
findings are consistent with the notion that 
spontaneous neuronal discharge is impor- 
tant for the refinement of neural connec- 
tions. 

We investigated the possibility that spon- 
taneous activity plays a role in the refine- 
ment of connections prenatally even before 
vision is possible. The fact that retinal gan- 
glion cell axons make ultrastructurally iden- 
tifiable and functionally competent synapses 
within the LGN of the cat in utero (7) 
suggests that spontaneous neural activity 
could play a role in the formation of the eye- 
specific layers. To test this suggestion, we 
have infused TTX into the fetal brain to 
block action potentials during the time 
when ganglion cell axons from the two eyes 
would normally segregate from each other 
into layers. 

Tetrodotoxin was infused continuously 

into the region of the brain above the optic 
chiasm beginning at embryonic day-42 
(E42; gestation is 65 days), a time when 
axons from the two eyes are extensively 
intermixed within the LGN and have not vet 
begun to segregate (8). A total of ten ani- 
mals was studied. Each fetus was exposed by 
Cesarian section for im~lantation of a can- 
nula attached to an osmotic minipump con- 
taining either 300 pM TTX (eight animals) 
or a control citrate buffer vehicle solution 
(two additional animals) (9). [Chronic infu- 
sion of TTX at this concentration and rate 
blocks activity in the visual cortex and its 
afferents over an area of about 3 mm3 (lo).] 
The fetus was returned to the uterus for 2 
weeks until E56, a time when the eye- 
specific layers are clearly evident in normal 
animals (8), and just before the minipumps 
ceased functioning. We used the antero- 
grade transport of [3H]leucine injected into 
one eye and horseradish peroxidase injected 
into the other to examine the effects of the 
treatment on the pattern of the retinogeni- 
culate projection (8). The concentration of 
TIX in the fetal brains during the infusion 
was estimated to be between 0.1 and 1.0 
pM in two of the TTX-treated animals by 
bioassay of the cerebrospinal fluid (CSF) 
removed by cisternal puncture at E49 (11) 
and was found to be between 0.1 and 1.0 
pM, levels sufficient to block the compound 
action potential in neonatal rat optic-nerve 
(12). 

Despite the surgical manipulations and 
the presence of TIX during the 2-week 
infusion period, fetal growth was within the 
normal range. Between E42 and E58 the 
crown-@ length of fetuses normally in- 
creases from 57 to 68 mm to 100 to 120 
mm (8); the TTX-treated animals at E56 
were 105 to 110 mm (n = 3). In addition, 
the gross appearance of the brain, as re- 
vealed by examining histological sections 
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