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Prenatd Dietary Choline Supplementation Decreases the Threshold for
Induction of Long-Term Potentiation in Y oung Adult Rats
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Pyapali, Gowri K., Dennis A. Turner, Christina L. Williams,
Warren H. Meck, and H. Scott Swartzwelder. Prenatal dietary
choline supplementation decreases the threshold for induction of
long-term potentiation in young adult rats. J. Neurophysiol. 79:
1790-1796, 1998. Choline supplementation during gestation in
rats leads to augmentation of spatial memory in adulthood. We
hypothesized that prenatal (E12—E17) choline supplementation in
the rat would lead to an enhancement of hippocampal synaptic
plasticity as assessed by long-term potentiation (LTP) at 3—4 mo
of age. LTP was assessed blindly in area CA1 of hippocampal
sliceswith first suprathreshold (above threshold for LTP generation
in control slices) theta-burst stimulus trains. The magnitude of
potentiation after these stimuli was not different between slices
from control and prenatally choline supplemented animals. Next,
threshold (reliably leading to LTP generation in control slices) or
subthreshold theta-burst stimulus trains were applied to slices from
control, prenatally choline-supplemented, and prenatally choline-
deprived rats. Threshold level stimulustrainsinduced LTPin slices
from both the control and choline-supplemented rats but not in
those from the choline-deficient rats. Subthreshold stimulus trains
led to LTP induction in slices from prenatally choline-supple-
mented rats only. These observations indicate that prenatal dietary
manipulation of the amino acid, choline, leads to subsequent sig-
nificant alterations of LTP induction threshold in adult animals.

INTRODUCTION

Dietary cholineis crucial for normal growth and function-
ing of al mammalian cells (Blusztajin 1995; Blusztajn and
Wurtman 1983; Garner et al. 1995; Zeisel and Blusztajn
1994; Zeisel et a. 1991). Choline and its metabolites are
important for the structural integrity of cell membranes, cho-
linergic transmission, and transmembrane signaling during
neurogenesis and synaptogenesis, the effects of which may
be expressed dramatically later in life (Chung et al. 1995;
Durand et a. 1996; Gorry et al. 1992; Holler et a. 1996;
Zeisel and Blusztgjn 1994). During development there is
active formation of neuronal membrane components as neu-
rons divide, grow axons and dendrites, and form synapses.
Thus the developing brain may have a high demand for
choline, as it functions both as a precursor for magjor phos-
pholipid components of cellular membranes and as a precur-
sor of the neurotransmitter acetylcholine (ACh).

Availability of exogenous choline during development
stimulates ACh synthesis and promotes memory function in
the adult (Auerbach and Segal 1994; Barry and Gelperin
1982; Blitzer et a. 1990; Blusztajn et a. 1987; Chung et al.

1995; Drachman and Leavitt 1974; Jackson et al. 1992; Jones
et a. 1995; Meck and Church 1987; Pyapali et al. 1997;
Sahley et al. 1986; Ulus et a. 1989). More recently Meck
et al. (1988, 1989) and Loy et a. (1991) have shown that
perinatal choline supplementation has long-term effects on
working and reference memory components of performance
in the radial-arm maze task in adulthood. Recent studies
also indicate that this treatment elevates muscarinic receptor
density and choline acetyltransferase levelsin the hippocam-
pus, and leads to an increase in the soma size of mainly
cholinergic neuronsin the diagonal band and medial septum
that are also immunoreactive to nerve growth factor (NGF).
In addition, perinatal choline supplementation increases hip-
pocampal phospholipase D activity (PLD) activity in the
offspring (Holler et al. 1996).

The physiological mechanisms whereby choline adminis-
tration during gestation improves memory in the offspring
is not known. However, a modulation of hippocampal func-
tion is one likely mechanism because memory performance
is strongly linked to hippocampal function, and perinatal
choline supplementation augments cholinergic and PLD ac-
tivity in the hippocampus. Hippocampal long-term potentia-
tion (LTP) is a manifestation of synaptic plasticity,which is
a possible neural substrate for learning and memory (Artola
and Singer 1987; Bliss and Collingridge 1993; Deupree et
a. 1991, 1993; Drachman and Leavitt 1974; Eichenbaum
1995). We hypothesized that the induction of LTP in hippo-
campal dicestaken from adult ratsthat had received prenatal
choline supplementation would be enhanced and conversely
that LTP induction would be diminished in adult rats that
had experienced prenatal choline deficiency.

In previous studies we have shown that stimulus trains
that were suprathreshold (above the threshold for induction
of LTP in control slices) did not lead to LTP induction in
slices from animals treated with a choline-deficient diet dur-
ing the perinatal period (Jones et a. 1995, 1996). Therefore
we designed the present experiments to assess the induction
of LTP by threshold and subthreshold stimulus trains in
hippocampal slices from animals prenatally exposed to con-
trol, choline-supplemented, and choline-deficient diets. The
induction of LTP by suprathreshold stimulus trains was as-
sessed in dlices from animals prenatally treated with control
or choline-supplemented diets only to complement the previ-
ous data on suprathreshold stimuli (Jones et a. 1995, 1996).
This work has been presented in abstract form (Pyapali et
a. 1997).
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METHODS
Prenatal choline treatment

Pregnant Sprague-Dawley CD strain albino rats were obtained
(CharlesRiver, Kingston, NY') at day 9 of gestation (E9). Animals
were housed individually in clear polycarbonate cages (27.9 X
27.9 x 17.8 cm®); food and water were provided ad libitum with
a 12 h light/dark cycle. They were fed purified Dyets formula
AIN-76A diet (Dyets, Bethlehem, PA) containing 7.9 mmol/kg
choline chloride and water. Prenatal choline treatment was carried
out from day E12 to E17. The dams were divided into three groups:
control (n = 9), choline supplemented (n = 9), and choline defi-
cient (n = 9). The total numbers of offspring used for the experi-
ments from these dams were: control (n = 25), supplemented
(n=25), and deficient (n = 10). However, not al animalsyielded
hippocampal slices that met electrophysiological criteriafor inclu-
sion, so in some instances, the number of slices used in a given
experiment did not correspond directly with the number of rats
generated for that experiment. Control rats received an AIN-76A
diet containing 7.9 mmol /kg choline chloride and water sweetened
with 50 mM saccharine, resulting in an average daily cholineintake
of 1.3 mmol - kg~*-day ~*. Dams in the supplemented group re-
ceived AIN-76A diet containing 7.9 mmol / kg choline chloride and
water containing 25 mM choline chloride and sweetened with 50
mM saccharine, resulting in an average daily choline intake of 4.6
mmol - kg~ day * (saccharine was used to neutralize the bitter
taste of choline in the diet and to equalize the water intake among
dams in the treatment groups). Dams in the deficient group re-
ceived an AIN-76A diet without added choline (0.0 mmol - kg™*-
day ') and water with 50 mM saccharine. After day 17 of gesta-
tion, al animals were fed normal AIN-76A diet containing 7.9
mmol /kg choline chloride and saccharine-free water. At birth the
pups were cross-fostered to an untreated foster dam and were
weaned at postnatal day 24 (P24). At P30 they were housed two
to a cage and provided with the standard diet AIN-76A and water
ad libitum. All of the rats used in the present study were male.

Hippocampal slice preparation

In al instances, the physiological investigators were blind to the
treatment condition of the animals before sacrifice. On each test
day, one rat was anesthetized with halothane, and the brain was
removed quickly and placed in ice-cold, oxygenated artificial cere-
brospina fluid [ACSF; containing (in mM) 124 NaCl, 3.25 KCl,
1.25 NaH,PO,, 25 NaHCO;, 2.4 CaCl,, 2.0 MgSO,, and 10 dex-
trose and continually oxygenated with 95% O,-5% CO, to maintain
a pH of 7.4]. The hippocampi were dissected from each hemi-
sphere, and 500-um transverse slices were cut using a manua
chopper. The slices were allowed to equilibrate in ACSF for =2
h and then were transferred to an interface chamber maintained at
36°C and exposed to a mixture of 95% O,-5% CO, gas (see Pyapali
et al. 1994, 1996). For some experiments, the calcium and magne-
sium were reduced to 2.0 and 0.9 mM, respectively (described
later).

Simulation and recording protocols

Recordings were made simultaneously from the somatic and
dendritic fields of the CA1 region in the slices from each animal.
A bipolar, twisted wire electrode was used to stimulate afferent
fibers in the stratum radiatum of the CA1 region. Recording elec-
trodes were glass micropipettes filled with 2 M NaCl (2—-10 MQ).
One was placed in stratum radiatum to record the dendritic field
population excitatory postsynaptic potential (pEPSP), and the
other was placed in stratum pyramidale to record the combined
somatic field pEPSP and population spike. Test stimuli were 100-

ms, monophasic constant-current pulses. Evoked field potentials
were amplified 10 times, filtered at 0—5 kHz, digitized at 10 kHz
(16-bit) with alaboratory computer system, and stored for off-line
analysis.

To assess the induction of LTP, only midtemporal slices from
each rat were used. Acceptable dendritic field potentials, recorded
from stratum radiatum, exhibited a negative peak of =1.0 mV.
Once an acceptable field potential was obtained, the response was
allowed to stabilize for =10 min. An input/output (1/O) curve
then was generated. At least six stimulus intensities, from 0.5 to
3 mA were used to generate the I/O curve and to determine the
maximum dendritic pEPSP response in each dice. There was no
significant difference between dlices from the three treatment
groups in terms of either the stimulus intensity required to obtain
the maximum pEPSP slope response (H;,; = 3.74, P = 0.154), or
the maximal pEPSP slope generated (F(.;; = 0.53, P = 0.596).
Baseline stimulation for the LTP experiments consisted of test
pulses delivered once every 30 s at an intensity sufficient to elicit
apEPSP that was 30% of the maximum response on the 1/O curve.
Stable baseline responses were recorded for =10 min before a
stimulus train was delivered through the stimulating electrode to
induce LTP. Five baseline dendritic pEPSP slope responses were
averaged together to form the baseline (100%) reference value.
The suprathreshold, threshold, and subthreshold stimulus trains
were desighed based on preliminary studies conducted in our |abo-
ratory using hippocampal slices from untreated control rats of ages
similar to those in the present experiments. Threshold stimuli reli-
ably resulted in LTP generation in these control slices, whereas
subthreshold stimuli did not lead to LTP induction.

Inthefirst set of experiments, a suprathreshold theta-burst stimu-
lus train (40 pulses, delivered as 10 mini trains (100 Hz) of 4
pulses each, with an intertrain interval of 200 ms, at 30% of maxi-
mum pEPSP intensity) was used to induce LTP. Hippocampal
dlices were taken from 15 choline supplemented and 15 control
rats. Because some animals did not yield slices that met our electro-
physiological criteria, there were instances in which data from
more than one slice were used from a given rat. In those instances,
the data from those slices were averaged and the average included
in subsequent statistical analyses. The calcium and magnesium
were reduced to 2.0 and 0.9 mM, respectively, throughout these
experiments.

In the second set of experiments, either threshold level stimulus
trains (20 pulses, delivered as 5 mini trains (100 Hz) of 4 pulses
each, with an intertrain interval of 200 ms, at 20% maximum
pPEPSP intensity) or subthreshold level stimulus trains (20 pulses,
delivered as 5 mini trains (100 Hz) of 4 pulses each, with an
intertrain interval of 200 ms, at 10% maximum pEPSP intensity)
were applied to the CA1 region. The treatment groups in this set
of experiments consisted of 10 control, 10 choline-supplemented,
and 10 choline-deficient rats. From each animal that yielded accept-
able dlices, two dlices were used. One slice received the threshold
intensity stimulus train and the other received the subthreshold
stimulus train. The order in which the stimulus trains were applied
on a given day was predetermined randomly.

In al experiments, after the application of the stimulus train,
responses were recorded once every 30 s for 30 min. The midpoint
(50% of the maximum negativity) of each dendritic response was
determined, and the pEPSP slope was calculated by defining the
point 0.5 ms before the midpoint and 0.5 ms after the midpoint
and subtracting the voltage values at these two points. Thus the
PEPSP slope was defined in millivolts per millisecond during that
1.0-ms epoch. Five pEPSPs were recorded and averaged at 15 and
30 min each after the stimulus train. These averages were used as
dependent measures in the LTP experiments. The pEPSP slope
values were normalized to the average of the baseline slope before
potentiation, yielding percent potentiation (see Deupreeet al. 1991,
1993).
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Satistical analysis

The treatment effects were analyzed using multifactorial analy-
ses of variance, one-way anayses of variance (ANOVASs), and
post hoc Mann-Whitney Rank Sum tests when appropriate. As
noted earlier, when more than one slice was used from an animal
for agiven LTP stimulus condition, the data from those slices were
averaged before inclusion in the statistical analyses.

RESULTS
Suprathreshold stimulus trains

The suprathreshold stimulus trains (40 pulses, 30% maxi-
mal intensity) reliably induced robust LTP in slices from
both control and choline supplemented animals (Fizsy =
39.16, P < 0.001). However, there was no significant effect
of the prenatal choline supplementation on the magnitude
of LTP. Figure 1 shows representative pEPSP traces from
stratum radiatum of CA1 in slices from control (n = 18
dlices) and choline-supplemented (n = 17 dlices) animals.
The traces show examples of potentials at baseline (left),
15 min (middle), and 30 min (right) after the potentiating
stimulus train. The magnitude of LTP at 15 and 30 min after
the stimulus train relative to baseline pEPSP slope is shown
in Fig. 2, with no difference between the two conditions.

Threshold level stimulus trains

The threshold intensity stimulus trains (20 pulses, 20%
maximal intensity) led to LTP induction in hippocampal
slices from both control animals and prenatally choline-sup-
plemented animals. However, stimulustrains of thisintensity
did not induce significant LTP in slices taken from prenatally
choline-deficient rats. Figure 3 shows representative traces
of the dendritic field pEPSPs recorded from stratum radiatum
of CAlindlicesfrom control (n = 9 dices), choline-supple-
mented (n = 8 dlices), and choline-deficient (n = 8 dlices)
rats. One rat from the control group and two rats each from
the supplemented and deficient groups did not yield healthy
slices with acceptable maximum EPSP response and there-
fore no data could be obtained from these animals. Thetraces
are examples of pEPSPs at baseline (Fig. 3, left) and at 15

Baseline 15 min. 30 min.

~
sw?p“'s&”:medé D/ *\/ “\/ '

10 msec

Fic. 1. Representative examples of evoked CA1 dendritic field poten-
tials before (baseline) and at 15 and 30 min after application of a supra-
threshold stimulustrain (theta-burst, 40 pulses at 100 Hz and 30% maximum
baseline I /0O, 10 mini trains of 4 pulses each) to the stratum radiatum. Top:
population excitatory postsynaptic potentials (pEPSPs) from a control slice.
Bottom: pEPSPs recorded from a slice from the choline-supplemented
group.

Control
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R O  Supplemented
.GE) e Control
O
[2]
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BL 15 30

Minutes following stimulus train

FIG. 2. Summary graph of the effect of the suprathreshold stimulus
trains on long-term potentiation (LTP) induction in hippocampal slices
from control (n = 18) and choline-supplemented (n = 17) rats plotted at
15-min intervals. LTP was induced in slices from both groups, but there
was no significant difference in the magnitude of LTP between groups.
Each point represents mean + SE of the percentage baseline pEPSP slope.

(middle) and 30 min (right) after application of the stimulus
train.

The magnitude of LTP at 15 and 30 min after the stimulus
train relative to baseline pEPSP slope is shown in Fig. 4.
Slices from both control and choline-supplemented rats
showed significant potentiation. One-way ANOVAS indi-
cated that there were significant differences between the
treatment groups at both 15 min (F,24 = 3.89, P = 0.034)
and 30 min (Fp224 = 3.71, P = 0.041) &fter the stimulus
trains were applied. Post hoc Mann-Whitney rank sum tests
indicated a significant difference in the magnitude of pEPSP
slopesin slices from control compared with choline-deficient
rats (P = 0.03) but not in those from control compared
with choline-supplemented rats (P = 0.27) 30 min after
application of the stimulus train. It is noteworthy that five
of the eight slicesfrom ratsin the prenatally choline deficient

30 min.

TN J\/ Av

Choline

Deficient ——J\// '—J\// —~ \/‘

i~ 2\

Supplemented
> |7
E
10 msec
FIG. 3. Representative examples of evoked CA1 dendritic field poten-
tials before (baseline) and at 15 and 30 min after application of a threshold
intensity stimulus train (theta-bursts, 20 pulses at 100 Hz and 20% maxi-
mum baseline 1/0O, 5 mini trains of 4 pulses each) to the stratum radiatum.
Top: pEPSPs from a control slice. Middle: pEPSPs from a deficient slice.
Bottom: pEPSPs recorded from a slice from the choline-supplemented
group.

Baseline 15 min.
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FIG. 4. Summary graph of the effect of threshold level stimulus trains
on LTP induction in hippocampal slices from control (n = 9), choline-
deficient (n = 8), and choline-supplemented (n = 8) rats plotted at 15-
min intervals. LTP was induced reliably in slices from control and choline-
supplemented rats but not in those from choline-deficient rats. Each point
represents mean = SE of the percentage baseline pEPSP slope.

group showed moderate depression of the pEPSP slope after
the stimulus train.

Subthreshold stimulus trains

In contrast to the effects of the threshold intensity stimulus
trains, subthreshold stimulus trains induced LTP only in
dices from the choline-supplemented rats. Because the
higher intensity threshold level stimulus trains had not elic-
ited LTP in dslices from choline-deficient rats, we included
only two dices from choline deficient animals in this experi-
ment. Figure 5 shows representative traces of the dendritic
field pEPSPs recorded from stratum radiatum of area CA1
using the subthreshold stimulus trains in slices from control
(top; n = 9dlices), choline-deficient (middle; n = 2 dlices),
and choline-supplemented (bottom; n = 8 dices) rats. The
traces show examples of potentials recorded at baseline (eft)
and at 15 (middle) and 30 min (right) after the stimulus
train.

The magnitude of LTP at 15 and 30 min after the stimulus

Baseline 15 min. 30 min.

o
,JL\/ J\/ J\/

10 msec

FIc. 5. Representative examples of evoked CA1 dendritic field poten-
tials before (baseline) and at 15 and 30 min after application of a subthresh-
old intensity stimulus train (theta-bursts, 20 pulses at 100 Hz and 10%
maximum baseline 1/0O, 5 mini trains of 4 pulses each) to the stratum
radiatum. Top: pEPSPs from a control slice. Middle: pEPSPs from a defi-
cient dlice. Bottom: pEPSPs recorded from a slice from the choline-supple-
mented group.
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FIG. 6. Summary graph of the effect of subthreshold stimulus trains on
LTPinduction in hippocampal slicesfrom contral (n = 9), choline-deficient
(n = 2), and choline-supplemented (n = 8) rats plotted at 15-min intervals.
LTP was induced reliably only in slices from choline-supplemented rats.
Each point represents mean + SE of the percentage baseline pEPSP slope.

train relative to baseline pEPSP slope is shown in Fig. 6.
One-way ANOV As indicated that there were significant dif-
ferences between the treatment groups at both 15 min
(F[2,18]= 394, P = 0035) and 30 min (F[2,18]= 380, P =
0.045) after the stimulus trains were applied. Post hoc Mann-
Whitney rank sum tests indicated a significant difference in
the magnitude of pEPSP dopes in dices from control com-
pared with choline-supplemented rats (P = 0.004) but not
in those from control compared with choline-deficient rats
(P = 0.36) 30 min after application of the stimulus train.

The overall results of these experiments are summarized
in Table 1.

Baseline control experiments

The dlice selection criteria and baseline monitoring peri-
ods were intended to ensure that only slices that produced
stable baseline pEPSPs were used. However, we also were
concerned about the possibility of drift of the pEPSPs slope
across the 30-min period after the application of the stimulus
train. Therefore we selected three dlices from control rats
and treated them exactly as those used in the experiments
described above except that no stimulus trains were applied.
In these dlices, pEPSP slopes were monitored for <2 h after
stabilization, establishment of the | /O curve, and restabiliza-
tion. There was only minimal and nonsignificant drift of the
PEPSP sope values. For example, the average pEPSP slope
at 15 min after restabilization was 93 + 13% (SE) of base-
line and at 30 min the average pEPSP slope was 103 + 11%
of baseline.

TABLE 1. Mean percent of baseline pEPSP slope 30 min after
theta burst stimulus trains

Control Supplemented Deficient
Suprathreshold 211 = 16 (18) 215 = 21 (17) —
Threshold 196 + 27 (9) 224 + 31 (8) 109 + 19 (8)
Subthreshold 115 + 15 (9) 177 + 16 (8) 120 = 15 (2)

Values are means + SE. Number of dlices isin parentheses.
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DISCUSSION

The principal findings from this study are that the induc-
tion of LTP was enhanced in hippocampal slices from adult
rats after prenatal supplementation of dietary choline and
diminished in those from adult rats after prenatal choline
deficiency. Thedistinctions between L TP induction in hippo-
campal dlices from treated versus control rats was evident
only when relatively mild stimulus trains were used, a find-
ing that is consistent with LTP studies using tissue from
aged animals (Deupree et al. 1991, 1993; Mooreet al. 1993).
The suprathreshold stimulus trains were of little value in
discriminating between the capacity for LTP induction in
dlices from animals in the different treatment groups. In our
previous studies, such trains also failed to elicit LTPin slices
from prenatally choline-deficient animals (Jones et al. 1995,
1996), so these experiments were not repeated. In the present
study, the suprathreshold stimulus trains elicited comparable
levels of LTP in dices from both control and prenatally
choline-supplemented rats. However, the lower intensity
stimulus trains (threshold and subthreshold) were valuable
in separating the potential for LTP induction among slices
from animals in the three treatment groups. That is, the
threshold level stimulustrainsreliably elicited LTP in slices
from control and prenatally choline-supplemented rats but
not in those from prenatally choline-deficient rats, whereas
subthreshold stimulus trains elicited LTP only in dlices from
prenatally supplemented rats. Thus while LTP was induced
reliably in control slices by the threshold stimulus train and
not the subthreshold stimulustrain, neither train elicited LTP
reliably in dlices from choline-deficient animals and both
trains elicited LTP reliably in slices from choline-supple-
mented animals. These distinctions suggest that the threshold
for eliciting LTP in dlices from choline-supplemented ani-
malsislower than control. However, even with suprathresh-
old stimuli, LTP could not be generated in choline-deficient
animals (Jones et al. 1995, 1996), suggesting a profound
deficiency of LTPinduction that could not be overcome with
an increased stimulus.

These results indicate that enhanced or decreased avail-
ability of choline during prenatal development resultsin en-
during alterations of hippocampal synaptic plasticity that
may underlie the changes in spatial memory capacity in
rats treated similarly (Meck and Williams 1997a—d). In
addition, these findings are consistent with previous findings
from our laboratory that indicated that pre- and perinatal
choline supplementation resulted in an apparent lowering of
L TP threshold. Those studies have been published in abstract
form (Jones et a. 1995, 1996).

Direct or indirect cholinergic mechanisms

The mechanisms underlying these results may relate to
direct effects on cholinergic neurotransmission that outlast
the prenatal period, aterations in the sensitivity of second-
messenger systems that are persistent, indirect effects on the
enhancement of glutamatergic neurotransmission, or other
effects of choline on cellular metabolism or membranes. One
possibility may be direct aterations in the regulation of the
synthesis and release of ACh. ACh is one of the major
neurotransmitters in the central and peripheral nervous sys-
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tems, mediated via both muscarinic and nicotinic receptors.
Increasing evidence suggests that ACh may participate in
regulation of higher cognitive functions such as memory and
learning (Bartus et a. 1985; Ohno et al. 1994; Segal 1982;
Vannucchi and Pepeu 1995). Prenatal choline alterations
may exert a profound effect on either muscarinic or nicotinic
cholinergic neurotransmission, potentialy by atering the
number of cholinergic receptors or second-messenger sys-
tems mediating cholinergic activity (particularly the musca-
rinic activity). The changesin choline availability may show
critical times of sensitivity, where a profound effect may
persist past development. Aspects of cholinergic neurotrans-
mission may be upregulated and retain an enhanced effect
compared with the control animals or those with decreased
choline availability. This effect also may spread to include
either second-messenger systems involved in cholinergic re-
sponses or even a permanent change in nuclear sensitivity
to synthesis, availability, or responsiveness of these second-
messenger systems.

Prenatal choline supplementation resultsin an increase in
basal, and glutamate activated, PLD activity in the hippo-
campus and the developmental time course of this effect
correlates with synapse formation and hippocampal matura-
tion (=2 wk after birth). PLD has been implicated in vesicle
trafficking and neurotransmitter release. Diacylglycerol, pro-
duced from PLD, activates protein kinase C, a mediator
thought necessary to maintain LTP (Holler at a. 1996). It
is possible that effects such as these in prenatally choline-
supplemented animals could result in a secondary enhance-
ment of LTP through changes in shared second-messenger
and linkage systems without any direct involvement of cho-
linergic neurotransmission.

Choline also may affect cognitive function via effects on
NGF-related systems and basal forebrain cholinergic neu-
rons (Gibbs 1994). In addition to dopaminergic pathways,
choline supplementation also can modify the muscarinic,
GABAergic, and noradrenergic systems (molinengo et al.
1997). However, an agonist for dopamine receptors, apo-
morphine, the y-aminobutyric acid receptor agonist musci-
mol and alpha-adrenergic receptor agonist clonidine do not
result in any significant improvement in memory in aged
rats, though these have not been tested in the current circum-
stance of choline alterations.

Mechanisms of action of choline supplementation on
excitatory neurotransmission

Our observations suggest an alteration of glutamatergic
neurotransmission because N-methyl-p-aspartate (NMDA)
receptors in particular are necessary for LTP (as we have
induced it) in the CAL1 region of the hippocampus (Bliss
and Collingridge 1993; Durand et a. 1996). There are sev-
eral lines of evidence indicating an enhancement of both
glutamatergic neurotransmission and L TP after cholinergic
activation (Auerbach and Segal 1994; Blitzer et a. 1990;
Burgard and Sarvey 1990; Huerta and Lisman 1993; Mark-
ram and Segal 1990; Segal 1982). For example, it ispossible
that presynaptic muscarinic cholinergic receptors may mod-
ify glutamatergic excitatory synaptic transmission. In this
case, the prenatal choline manipulation could influence hip-
pocampal LTP through a change in presynaptic muscarinic
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receptors or their activation (Sheridan and Sutor 1990).
Such changes would be different from the primary musca-
rinic cholinergic effect of mild depolarization due to closure
of a potassium channel and decreased M current (Cole and
Nicoll 1983), which aso could be upregulated in the brain
in the prenatally choline supplemented animal.

Although a direct effect of prenatal choline manipulations
on hippocampal function is possible, an equally likely possi-
bility isthat an effect on cholinergic neurons el sewhere could
influence subsequent hippocampal function. For example,
immunotoxic lesions after 1gG-saporin injections into the
medial septal cholinergic neurons showed that the choliner-
gic projections to the hippocampus facilitate the acquisition
of information but are not involved in the retention of infor-
mation (Shen et al. 1996). Thus an effect of prenatal choline
mani pulations on cholinergic neurons that project to the hip-
pocampal formation also could be a site of mechanistic sig-
nificance. Direct tests of cholinergic mechanisms through
physiological manipulation and the use of cholinergic ago-
nists and antagonists may be required for assessing these
relative possibilities. For example, activation of muscarinic
receptors have been shown to promote the induction of LTP
(Burgard and Sarvey 1990; Huerta and Lisman 1993; Ulus
et a. 1989). Another aternative is that second-messenger
systems shared by both cholinergic and glutamatergic neuro-
transmission may be upregulated by the prenatal choline and
that our LTP results would occur in the absence of direct
cholinergic stimulation at the receptor level.

Relationship of LTP to behavioral memory

LTP, like memory, is identified with hippocampal func-
tion (Barnes 1995). Its onset is rapid and incremental, and
it is of long duration in response to short bursts of activity
at specific synapses, paralel to the activation and time course
of memory (Barnes 1995; Eichenbaum 1995; Eichenbaum
and Otto 1993). A number of studies involving behavioral
and physiological assessments from individual animals have
shown very high correlations between spatial memory and
LTP. For example, rats that demonstrated efficient behav-
ioral retention of spatial task in vivo also yielded hippocam-
pal slices that produced greater potentiation (Deupree et al.
1991, 1993; Moore et a. 1993). In addition, drug-induced
blockade of NM DA -receptor—dependent LTP and blockade
of molecular triggers for LTP result in severe memory im-
pairments in animal's, supporting a connection between LTP
and memory (Frey and Morris 1997). Finally, genetic ma-
nipulations, such as specific gene ‘‘knockouts'’ of glutamate
receptors and «-calcium—calmodulin-dependent kinase |1
genes, eiminate LTP and hippocampal-dependent learning
(Mayford et al. 1996; McHugh et a. 1996) . The datalinking
the specific group of processes loosely called LTP to behav-
ioral aspects of memory remain highly correlational, though
in some instances this correlation is quite strong.
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