
quency of the dopamine pressure pulses or 
to the relative dopamine concentration. The 
generation of rhythmic bursting by the two 
interneurons is not a function of the contin- 
uous presence of dopamine but rather re- 
quires the phasic application of dopamine, 
which presumably mimics the effects of gi- 
ant dopamine cell activity. 

We have shown that it is possible to 
culture a neural network that is sufficient to 
produce rhythmic activity similar to that 
seen in vivo. I t  can be argued that networks 
of neurons constructed in vitro cannot be 
used to prove that a similar circuit hnctions 
in vivo. However, no obvious differences in 
the excitability and connectivity of the inter- 
neurons were apparent between our in vivo 
and in vitro preparations. The experiments 
of this report provide evidence that three 
identified interneurons are sufficient to ac- 
count for a CPG. Furthermore, dopamine is 
necessary for rhythm generation in this net- 
work. Such tests are impossible to perform 
in the intact nervous system. Our in vitro 
model system may provide an opportunity 
to test the cellular basis of rhythm genera- 
tion in a manner unapproachable in vivo. 
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A Magnesium Current in Paramecium 

Recent reappraisals of the role of ionized magnesium in cell function suggest that many 
cells maintain intracellular free M$+ at low concentrations (0.1 to 0.7 mM) and that 
external agents can influence cell function via changes in intracellular M$+ concentra-
tion. Depolarization and hyperpolarization of voltage-clamped Paramecium elicited a 
M$+-specific current, IMg.Both Co2+ and hZn2+ were able to substitute for M$+ as 
charge carriers, but the resultant currents were reduced compared with M$+ currents. 
Intracellular free M$+ concentrations were estimated from the reversal potential of 
IM to be about 0.39mM. The IMgwas inhibited when external CaZ+ was removed or a 

chelator was injected, suggesting that its activation was Ca2+-dependent. 

MAGNESIUM HAS LONG BEEN REC- 

ognized to be a necessary cofactor 
for numerous enzymatic reactions 

(I) ,  but there is now considerable evidence 
to suggest that intracellular free Mg2+ 
([Mg2+li) may also be a key physiological 
regulator of cell activity (2, 3). In the past, 
researchers have been reluctant to consider 
such a role for Mg2+ because it was believed 
that [Mg2+li was of the order of 10 to 30 
mM (1). Recently, however, techniques 
have been developed that allow [Mg2+ ]i to 
be measured with accuracy (4). These meth- 

ods suggest that, although total intracellular 
Mg2+ concentration is indeed high, the 
majority of it exists in a bound form. Intra- 
cellular free Mg2+ concentration is actually 
0.1 to 0.7 mM (1-3). Since the Michaelis 
constant (K,) values for Mg2+ activation or 
inhibition of many enzymes fall within this 
range (I), relatively small changes in 
[Mg2+li could have large effects on cell 
activity. Although the short half-life of 
2	 8g2+~ and the lack of Mg2+-sensitive dyes 

has hampered attempts to characterize possi- 
ble [Mg2+li regulatory mechanisms, it is 

Membrane potential (mV) 
-1 20 -60 0 30 

I I 
-4 

Fig. 1. IMgin P. tetraurelia. (A )Voltage steps (1/)(500 ms) from -30 mV to 10 and 20 mV, or to -80, 
-90, and -100 mV, were used to elicit currents (I). (B) Repetition of the voltage steps in (A) after 
adding 5 mM ~ g ' +to the bath. Arrows, slow inward tail currents of IMg.Traces have been corrected 
for linear leakage current, estimated from repeated small (3 to 9 mV, 20 ms) hyperpolarizations. Broken 
lines represent holding currents (about -0.2 nA in both Mg2+ and Ca2+ solutions). (C) IMgtail current 
amplitudes at the moment of return to the holding potential as a function of membrane potential. 
Currents activated during the voltage steps contained minor active components in addition to IMg; thus, 
studies of I,, under various conditions usually focused on tail currents. These tails represent pure IM,: 
note the lack of similar tail currents in the absence of extracellular ~ g ' +  (Table 1A). Values are 
means + SEM from 12 cells. 
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Fig. 2. Reversal potential of lMg.A 
(A) Stimulation protocol that was 
used to determine the reversal po- 
tential of IM, .  Cells were hyperpo- 5 m~ p,jg"+lo 	 100ms 
larized for 400 ms to activate I M g ,  
then the voltage was stepped to B 	 lo 
various test potentials (-70 to 30 	 [mV) to elicit tail currents. Positive 
increases in voltage elicited depo- 	 -
larization-activated currents in ad- 
dition to I M g ,  causing the ampli- 0,5m~ [Mg2+] -tude of I M g  to be underestimated. m 
Since I M g  is Ca2+ dependent, and C 2 -20-

since the hyperpolarization-activat- d
s 

ed Ca2+ current is inactivating ( 1 4 ,  -302 r-1 
both it and its dependent Mg2+ 0.05 0.1 0.5 
current could be inhibited by a o mM [Mg2+], [Mg2*lo (mM) 
conditioning, inactivating hyperpo- 
larization (4.5 s at -110 mV or -120 mV) before the reversal protocol. Subtraction of currents that 
remained after a conditioning step from those activated before the conditioning hyperpolarization 
yielded Ca2+ current and I M g  (B) Reversal of tail currents elicited in 5 mM [Mg2+],. Holding potential 
was -30 mV, and a 400-ms step to -110 mV was used to activate I M g  Numbers adjacent to tail 
currents indicate corresponding test potentials (in millivolts). I M g reversed at about 10 mV, indicating 
that [Mg2+Ii was about 2 mM.This value reflects the fact that manipulation of membrane potential in 
Mg2+-rich solutions increases [Mg2+Ii via IMg  (C) Tail current reversal in 0.5 mM [ ~ g ~ + ] , .A 400-ms 
step to -120 mV from -40 mV was used to elicit IM . (D) In the absence of extracellular Mg2+, 
repetition of the stimulus protocol used in (C) elicited c$+current alone; note the lack of tail currents 
(27). (E) Tail current reversal potential as a function of [Mg2+],. The line was fitted by regression 
analysis; data are means 2 SD from 5 to 11 cells. 

Flg. 3. Ca2+-depen- A 1 m~ Ca2+,5 m~ M$+ C 	 Membrane potential (mV) 
dence of I M g  (A) Cur- -1 20 

replacing extracellular Mg2+ with other di- 
valent cations. Both Mn2+ and Co2+ could 
substitute as charge carriers, although the 
resultant currents were reduced compared 
with that carried by Mg2+ (Table 1B). The 
tail currents elicited after depolarization and 
hyperpolarization showed similar selectivity 
rankings: Mg2+ 2 Mn2+= co2+2 Sr2+= 

Ba2+>> ca2+. The Mg2+ conductance 
pathway was impermeable to either K+ or 
Na+ (13). 

Next I determined the reversal potential 
of IMg,since this value would yield informa- 
tion about [Mg2+li in Pavamecium. The re- 
versal potential was calculated from tail cur- 
rents of IMg.Cells were hyperpolarized to 
elicit IMg, and then IMgtails were elicited by 
increasing the voltage stepwise through a 
range of test potentials (Fig: 2A). Although 
reversal of IMgwas clearest when [Mg2+], 
was high, and thus the tails of IMgwere large 
(Fig. 2B), activation of IMgunder these 
conditions significantly increased [Mg2+li. 
This increase was temporary, but it inter- 
fered with an accurate measurement of 
[Mg2+liat or near resting conditions. Thus, 
I used Mg2+ concentrations of 0.5 mM or 
less in determining the reversal potential rents elicited from a sin- 

gle cell in the presence (1 
mMCa2+, 5 mMMg2+) 
or (B) absence (0 mM 
Ca2+, 6 mM M F ~ + )  of 
extracellular Ca2 . Cur-

---------------	 (Fig. 2, C and D). The reversal potential 
shifted by 27.1 mV per tenfold change in - [Mg2+], (Fig. 2E), close to the 29 mV per k."-
3$ decade change predicted by the Nernst 

E2rents were elicited by equation for a pure Mg2+ current and sup- 
steps identical to those mM ca2+, 6 mM ~ ~ 2 +  	 P- porting the notion that IMgis indeed carried 
used in Fig. 1A. (C) -----------=s - (D by Mg2+. From these reversal potentials, 

[Mg2+li was estimated to be 0.39 mM 
Current-voltage rela- ------ - - - - ---	 Ptions in the presence (@) 
or absence (0) - 2 n A ~of 1rnM 
TCa2+lo. Tail currents 
were &cited by 500-ms 
steps. Values are means k SEM from ten cells. 

clear that many cells maintain low levels of 
[Mg2+li against a concentration gradient 
from outside to inside the cell (5). Further, 
2 8 ~ g 2 +influx into several types of cell is 
hormonally regulated, supporting the no- 
tion that changes in [Mg2+li are physiologi- 
cally relevant (2, 6). Here I describe a Mg2+- 
specific ion current that, by changing 
[M$+li, may regulate cellular processes in 
Paramecium (7). 

Depolarization of P, tetrauvelia (8-10) in 
the absence of extracellular M$+ ([Mg2+],) 
elicited a rapid inward Ca2+ transient (ICa,*) 
that inactivated within milliseconds (Fig. 
lA, upper trace). Adding Mg2+ to the bath 
solution reduced the amplitude of this cur- 
rent, as reported (1 l), but the return to the 
holding potential was now followed by a 
slowly decaying, inward tail current (Fig. 
lB, upper trace, arrow). Typically, this cur- 

Laboratory of Molecular Biology, University of Wiscon- 
sin-Madison, 1525 Linden Drive, Madison, WI 53706. 

(*0.14 mM, mean ? SD from 34 cells). 
Removing extracellular ca2+ revealed a 

Ca2+ dependence of IMg. Depolarization of 
Paramecium in nominally ca2+-free solutions 
failed to evoke IMg, whereas hyperpolariza- 
tion yielded a current that was less than 10% 
of control values ,(Fig. 3). Iontophoretic 
injection of a ca2+ chelator, EGTA, reduced 
the amplitude of IM,tail currents by 50% to 
60% (Table 1C). This suggests that IMgwas 
dependent on changes in intracellular, rather 
than extracellular, c$+concentration for its 
activation. 

Similarities between the kinetics of IMg 
and the Ca2+-dependent Na+ current of 
Paramecium (lo), together with reports of 
Mg2+ currents through Ca2+ channels in 
other systems (14), raised the possibility that 
IMgwas mediated by a conductance pathway 
in Paramecium that has been described previ- 
ously. This was probably not the case, how- 
ever. Mutants lacking either the ca2+-de- 
pendent Na+ current (&st-2) (10, 15), or the 
two Ca2+-dependent K+ currents (pantopho- 
biac) (15), expressed Mg2+ currents that 
were indistinguishable from those of the 
wild type (Table ID). Deciliation of P. 
tetvauvelia removed the depolarization-acti- 
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100 ms 	 -6 

rent's decay could be described by the sum 
of two exponents (T = 14 ms and 110 ms). 
Hyperpolarization of P, tetrauvelia elicited a 
second inactivating ca2+ current, Ica,h(10, 
12) (Fig. lA, lower trace). Hyperpolariza- 
tion in Mg2+ solutions again activated Ica,h, 
but this current was now accompanied by a 
second inward current that activated more 
slowly and was sustained (Fig. lB, lower 
trace, double arrows). Termination of the 
voltage step at 500 ms again yielded a tail 
current that decayed biexponentially (T = 8 
ms and 90 to 200 ms). These slow inward 
tail currents were only observed in the pres- 
ence of extracellular Mg2+ (Table 1A) and 
represented the deactivation of a Mg2+-
specific ion current, IMg. A plot of the tail 
amplitudes of IMgas a function of mem- 
brane potential yielded a bell-shaped curve 
(Fig. lC), reflecting the fact that the current 
was elicited upon either depolarization or 
hyperpolarization. 

I investigated the selectivity of IMgby 



- - 

Table 1. Ion selectivity of I,, and effects of mutations. Cells were held at -30 mV and stepped for 500 
ms to 20 mV or -110 mV to elicit I ,  . Data are means * SEM. (A) Demonstration of IM,. The 
concentrations used were as follows: ca2', 6 mM Ca2+; Ca2+ + Mg2+, 1 mM Ca2+ and 5 mM Mg2+. 
(B) Ion selectivity of I!,: Tail currents were measured 25 ms after returning to the holding potential of 
-40 mV and were ehcited in 1 rnM Ca2+ plus 1 mM concentrations of the various cations. A 
concentration of 1mM was used to  minimize possible inhibitory effects of these cations on the two 
Ca2+ currents. (C) Effect of EGTA on I,,. Tail currents were elicited in 1 mM Ca2+, 5 mM ~ g 
before and after an iontophoretic injection of EGTA (-7  nA, 60 s). Such an injection produced an 
intracellular EGTA concentration of about 5 mM, assuming a cell volume of 200 pl. Injection 
techniques are described (9, 10). (D) I,, in mutant paramecia. The mutantfast-2 lacks a Ca2+-dependent 
Na+ current (10, 15), whereas pantophobiac lacks Ca2+-dependent K+ currents (15). (E) Effects of 
deciliation on I,,. Deciliation by agitation in 5% (viv) ethanol removed the depolarization-activated 
Ic, (16) without simultaneously eliminating I,, activation upon hyperpolarization. However, this I,, 
was reduced by deciliation; this could reflect a reduced Ca2+ signal or localization of a portion of the 
channels that mediate I,, to the ciliary membrane. (F) Effect of 1 mM amiloride on I,,. 

Mg2+ Tail current amplitudes (nA) 
Condition 	 (n)

(mM) 20 m v  -110 mV 

Mn2+ 
Ba2+ 
sr2+ 
Ca2+ 

C 
Control 

EGTA injected 


D 
fist-2 
pantophobiac 

E 
Control 
Deciliated 

F 

Control 
Amiloride 

vated Ica (16) and its dependent I M g  (IMg,*) ,  
but failed to concomitantly eliminate I M g  
upon hyperpolarization ( I M g , h )(Table 1E). 
Also, 1rnM amiloride reduced the hyperpo- 
larization-activated Ica by >95% (12) but 
inhibited I M g  by <15% (Table IF).  These 
observations, together with the kinetic dis- 
similarities between the Mg2+ and ca2+ 
currents, make it unlikely that IMgwas medi- 
ated by the same permeability as either of 
the two Ca2+ transients. I M g S hwas relatively 
unaffected by the near complete suppression 
of lca,h by amiloride (Table 1F). This obser- 
vation may indicate that I M g  is sensitive to 
even small changes in intracellular ca2+  
concentration, a notion that is supported by 
the inability of EGTA to inhibit I M g  by 
>60%(Table 1C). IMg,*was lost when ICa,* 
was suppressed completely, however (Table 
1E) (17), reaffirming the contention that 
I M g  is Ca2+ dependent. Finally, Mg2+ per- 
meates a mechanosensitive channel in Para-
mecium (18); since this permeability is also 
ca2+- and sr2+-selective, it is unlikely that it 
accounts for I M g .Thus, I M g probably repre- 
sents a new conductance pathway in Parame-
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cium. 
In summary, P. tetraurelia possesses a 

Ca2+-dependent Mg2+ current that may be 
elicited upon either depolarization or hyper- 
polarization. IMg,* and IMg,h could conceiv- 
ably represent two distinct permeabilities, 
but it is more likely that a single species of 
channel or transport protein mediates both 
currents. The similarities in the kinetics, 
Ca2+ sensitivities, and ion selectivities of 
IMg,* and IMg,hsupport this contention. The 
mechanism of Mg2+ permeation is uncer- 
tain. There are few reports of Mg2+-specific 
ion channels in other organisms: Sp* and 
Fleckenstein (19) proposed such an activity 
in guinea pig myocardium, but their obser- 
vations have since been attributed to Mg2+ 
effects on Na'-current inactivation (3, 20). 
In contrast, there are many reports of Mg2+- 
specific active transport systems in a variety 
of organisms (5, 21). Regardless of the 
mechanism of Mg2+ entry, I M g  activates 
sufficiently fast that it could be evoked dur- 
ing normal membrane excitation (22). Exci-
tation in Paramecium results in altered swim- 
ming behavior, effected through a coupling 

of membrane potential to ciliary beat (23). 
Cilia contain several Mg2+-stimulated en- 
zymes (24), including dynein, an Mg2+-
adenosine triphosphatase (ATPase) that 
powers the cilium. Thus, activation of IMg 
~ +might influence cell behavior directly. How- 
ever, Mg2+ serves as a physiological regula- 
tor of K+-, Na+-, and ca2+-channel perme- 
ability in many cells (3, 25), raising the 
possibility that IMg,  through changes in 
[Mg2+li, may regulate excitation in Parame-
cium. In fact, action potential recordings 
suggest that Mg2+ entering the cells via I M g  
affects the recovery phase of the response 
(26). 
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The Primate Hippocampal Formation: Evidence for a 
Time-Limited Role in Memory Storage 

Clinical and experimental studies have shown that the hippocampal formation and 
related structures in the medial temporal lobe are important for learning and memory. 
Retrograde amnesia was studied prospectively in monkeys to understand the contri- 
bution of the hippocampal formation to memory function. Monkeys learned to 
discriminate 100 pairs of objects beginning 16, 12, 8, 4, and 2 weeks before the 
hippocampal formation was removed (20 different pairs at each time period). Two 
weeks after surgery, memory was assessed by presenting each of the 100 object pairs 
again for a single-choice trial. Normal monkeys exhibited forgetting; that is, they 
remembered recently learned objects better than objects learned many weeks earlier. 
Monkeys with hippocampal damage were severely impaired at remembering recently 
learned objects. In addition, they remembered objects learned long ago as well as 
normal monkeys did and significantly better than they remembered objects learned 
recently. These results show that the hippocampal formation is required for memory 
storage for only a limited period of time after learning. As time passes, its role in 
memory diminishes, and a more.permanent memory gradually develops independently 
of the hippocampal formation, probably in neocortex. 

CURRBNT UNDERSTANDING OF THE 

organization and neural foundations 
of memory has depended impor- 

tantly on cognitive studies of memory-im- 
paired patients (1) and on studies of a 
primate model of human amnesia (2). In 
humans, neuropathological findings (3, 4),  
together with high-resolution magnetic res- 
onance imaging (5 ) ,have demonstrated that 
selective, bilateral damage to the hippocam- 
pal formation is sufficient to cause signifi- 
cant memory impairment. Similar findings 
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have been obtained in monkeys (6-8) and 
other mammals (9).On the basis of neuro- 
psychological studies of patients with con- 
firmed hippocampal damage, it appears that 
the hippocampal formation is necessary for 
establishing a usable record in long-term 
memory of previously encountered facts and 
events (1, 10). 

One useful source of information about 
the fimction of the hippocampal formation 
is the phenomenon of retrograde amnesia, 
that is, loss of memories acquired before the 
onset of amnesia. Retrograde amnesia is 
often temporally graded; patients lose access 
to the recent past more readily than to the 
remote past (11). Further, as measured by 

objective tests, memory for the very remote 
past can be intact in patients with hippocam- 
pal damage (3, 12), regardless of the difficul- 
ty of the test items (13). This finding sug- 
gests that the hippocampal formation is not 
a repository of permanent memory. In addi- 
tion, the phenomenon of temporally graded 
retrograde amnesia suggests that the role of 
the hippocampal formation in memory is 
time-limited. However. more data are need- 
ed to confirm and illuminate these ideas. 
Indeed, the correct interpretation of tempo- 
rally graded retrograde amnesia depends on 
the precise shape of the performance curves, 
which cannot be determined with certainty 
with the tests available for assessing remote 
memory retrospectively in humans (14). 

We have assessed retrograde amnesia pro- 
spectively in cynomolgus monkeys (Macaca 
fasciculavis) with bilateral lesions of the hip- 
pocampal formation (the H +  lesion) (15). 
Figure 1 shows a cross section from the " 
brain of a monkey in the operated group. 
Monkeys were trained on five different sets 
of 20 two-choice object discrimination 
problems (100 discrimination pairs). Train- 
ing on each 20-pair set began approximately 
16, 12, 8, 4, and 2 weeks before surgery. 
For training, each object pair was presented 
for 14 consecutive trials with a 15-s inter- 
trial interval (16). Monkeys were trained on 
two new object pairs each day so that 10 
days were required to train monkeys on each 
of the five sets of 20 object pairs (17). The 
ability to learn simple objecidiscrimination 
problems like the ones used here is known to 
depend on the integrity of the hippocampal 
formation (7). 

Preoperative performance on the 100 ob- 
ject discrimination problems averaged 
54.5% correct (chance, 50%) on the first 
trial of training and 87.7% correct on trial 
14 (average of 18 monkeys and 100 dis- 
crimination pairs). The learning curves were 
numerically very similar for the five training 
episodes, althobgh some -improvement did 
occur with continuing exposure to discrimi- 
nation problems (18). Tests given at the end 
of each training episode, which assessed the 
level of preoperative learning (17), showed 
that virtually the same final level of perform- 
ance was attained on each of the five sets of 
discrimination problems. Performance on 
these tests averaged 78.9, 8 1.9, 79.4, 79.7, 
and 78.6% for the first to the last training 
episode, respectively. A two-way analysis of 
variance (training episode x group) re-
vealed no significant differences (F < 2.0, 
P > 0.10). 

Two weeks after surgery, we assessed 
memory for the preoperatively.learned ob- 
ject pairs by presenting a single trial of each 
of the 100 pairs in a mixed order. This 
retention test consisted of 50 trials present- 

SCIENCE, VOL. 250 




