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Abstract

Cultured hippocampal neurons and immature organotypic slice cultures overcome temporal limitations of acute hippocampal

slices and have been useful for investigating long-lasting plasticity. Difficulties with culturing adult neurons have restricted such

studies to preparations from embryonic, perinatal, and juvenile tissue. By improving the methods for culturing and maintaining

hippocampal�/entorhinal cortex slices obtained from mature rats (P25-30), we show that their use in long-term electrophysiological

investigations is feasible. Our cultured slices maintained an intact and functional trisynaptic cascade, normal synaptic function, and

reliable long-term recording stability for at least 14 days in vitro. The electrophysiological properties and, in particular, the

induction of long-term potentiation (LTP) in our mature organotypic slices were highly sensitive to dissection and tissue culture

techniques. We present data describing the extracellular stimulation requirements for LTP-induction and its long-lasting

maintenance (�/4 h) at the Schaffer-collateral-CA1 synapse, and show that such changes in synaptic efficiency are NMDA

receptor dependent. Our hippocampal�/entorhinal cortex cultures from mature tissue can retain the electrophysiological properties

required for long-term plasticity for several weeks in vitro.

# 2003 Elsevier B.V. All rights reserved.

Keywords: LTP; Hippocampus; Synaptic plasticity; Organotypic cultures
1. Introduction

Long-term potentiation (LTP) is thought to be a

cellular model for processes underlying forms of learn-

ing and memory formation (Bliss and Collingridge,

1993). Many cellular and molecular processes that are

required for LTP induction and maintenance are also

necessary for hippocampal-dependent memory (Morris

et al., 1986). LTP was first described in the hippocampus

of anesthetized and awake animals in vivo (Bliss and

Gardner-Medwin, 1973; Bliss and Lømo, 1973). Identi-

fying the mechanisms of LTP induction and mainte-

nance was then greatly aided by the use of acute

hippocampal slices (Schwartzkroin and Wester, 1975).

Extending the viability of acute slices resulted in a better

understanding of the distinct processes of LTP. Thus, it
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was shown that LTP consists of multiple phases where

the prolonged maintenance beyond 4 h requires protein

synthesis (Frey et al., 1988, 1996; Lynch et al., 1990).

Compared with behavioral models of learning and

memory, the viability of acute slices remains relatively

short and is limiting to their use in investigating the

long-term maintenance of LTP for more than several

hours. Studies using hippocampal slices in vitro are

temporally limited to about 10 h. In contrast, hippo-

campal cultures could add a unique perspective into the

investigation of longer lasting plasticity processes.

Cultured hippocampal neurons and immature orga-

notypic slices allowed scientists to overcome such

temporal limitations. Cultures can be maintained for

weeks preserving viable connections (Gähwiler et al.,

1981, 1997; Yamamoto et al., 1989; Stoppini et al., 1991;

Evans et al., 1998). Difficulties with culturing adult

tissue have limited such LTP research to the study of

embryonic, perinatal, or juvenile dissociated hippocam-

pal cells or cultured slices that develop their cytoarch-

itecture in vitro (Zhabotinski et al., 1979; Buchs et al.,
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1993; Sakaguchi et al., 1994). Their neurons do not

acquire the same anatomical and functional maturity as

neurons that have matured in vivo. In vitro studies of

synaptic plasticity for long periods and when experi-
ments require many days of incubation such as for

optical imaging and protein labeling are thus limited to

cultures of initially immature hippocampal synapses.

Mature hippocampal cultures could overcome the

experimental limitations of previous culture models, and

a method for the long-term maintenance of mature

hippocampal slices in vitro has recently been introduced.

Xiang et al. (2000) showed that cultured mature slices
remained viable, morphologically intact, and showed

field potentials after several weeks in culture. They

proposed that neuronal plasticity of the adult hippo-

campus could be studied in their slice cultures after

neurogenesis and synaptogenesis has been completed in

vivo. It has not been determined whether cultured

mature slices maintain normal synaptic function and

recording stability to provide a model system for the
study of LTP and, in particular, its late phases. This is

especially important, if the requirement of non-gluta-

matergic heterosynaptic inputs for late-LTP is to be

considered (see Morris and Frey, 1999).

By modifying the protocol of Xiang et al. (2000), we

were able to culture mature hippocampal�/entorhinal

cortex slices for use in long-term electrophysiological

experiments. Our adult cultures showed a hippocampal
trisynaptic cascade with stable electrophysiological

baseline recordings and showed NMDA receptor de-

pendent changes in synaptic efficiency at a population of

CA1 synapses. In contrast to acutely prepared adult

hippocampal slices, we find that the properties of LTP

induction in mature cultured slices show additional

properties that are otherwise only observed in vivo

with a completely connected hippocampal�/entorhinal
cortex loop.
2. Methods

2.1. Mature hippocampal�/entorhinal cortex slice

preparation

Organotypic hippocampal slice cultures were pre-
pared from 25 to 30-day-old Wistar rats (SHOE,

Institute breeding stock, Magdeburg, Germany) by

using modified methods compared with those described

previously (Xiang et al., 2000). All modifications were

aimed at obtaining slices that exhibited stable electro-

physiological signals and reliable LTP. Rats were

calmed with a brief exposure to halothane and anaes-

thetized using 180 mg ketamine hydrochloride (Sigma)
per gram body weight, which is the required dose for

maximum neuronal protection (Lees, 1995). The ani-

mals were then left to rest for 6 min in a chamber filled
with carbogen (95% O2/5% CO2), before decapitating

them and removing their brains. The hemispheres were

separated mid-sagittally and cooled in ice-cold modified

Gey’s balanced salt solution (mGBSS) saturated with

carbogen for 10 min. The mGBSS was composed of 1.5

mM CaCl2, 4.9 mM KCl, 0.2 mM KH2PO4, 11 mM

MgCl2, 0.3 mM MgSO4, 130 mM NaCl, 2.7 mM

NaHCO3, 0.8 mM NaHPO4, 22 mM NaHEPES, and

5 mM glucose, pH 7.32. A scalpel was used to make a

50�/708 cut along the dorsal edge of each hemisphere

laying flat on its medial surface (see Fig. 1). A hemi-

sphere was then glued (Histoacryl, Braun) to a Teflon

platform, surrounded by frozen mGBSS, oriented with

the freshly cut surface facing down. The tissue was

submerged in chilled mGBSS and 400 mm thick sections

were cut from anterior to posterior using a vibratome

(Cambden, UK) adjusted to minimize Z -axis oscillation.

Vibratome sections were taken perpendicular to the

septo-temporal hippocampal axis. The hippocampal

formation, subicular and entorhinal cortices, as well as

the cortices dorsolaterally adjacent to hippocampus

were taken from the entire 400 mm section. Slices with

hippocampal cell layers that appeared transparent and

intact were placed on 25 mm culture membrane inserts

(NUNC, 0.2 mm anapore membrane) in a 6-well cluster

dish (Sigma) with 1 ml of high K� culture media (25%

heat-inactivated horse serum, Lot-Nr.: 3042915D,

GIBCO-Life Technologies; 40% Basal Essential Media,

Eagle’s (BME), Sigma; 25% Earle’s Balanced Salt

Solution (EBSS), Sigma; 10% 250 mM NaHEPES in

BME, (pH 7.3); 0.5 mM L-glutamine, Sigma; 28 mM

glucose, (pH 7.32). The slices were incubated overnight

at 34 8C in a humidified carbogen atmosphere (95% O2/

5% CO2), and then transferred to ambient O2 and 5%

CO2 the following morning. After 3 days, the slices were

switched to media with decreased K� levels, decreased

horse serum concentration, and increased L-glutamine

levels (5% heat-inactivated horse serum, 20% BME, 65%

modified Earle’s Balanced Salt Solution (mEBSS), 10%

250 mM NaHEPES in BME, (pH 7.3); 1.0 mM L-

glutamine, 28 mM glucose, (pH 7.32). The mEBSS was

self-made and composed of 1.8 mM CaCl2, 2.0 mM

MgSO4, 52.5 mM NaCl, 30.9 mM NaHCO3, 0.9 mM

NaH2PO4, prepared in sterile H2O (GIBCO-Life Tech-

nologies), pH 7.32. Formulating the mEBSS without

K� salts resulted in a final K� concentration of 1.6 mM

for the tissue culture media. Testing several lots of horse

serum revealed considerable differences in the survival

of the neuronal circuitry and the reliability of LTP

induction. Serum from a lot that resulted in low levels of

reactive gliosis and promoted neuronal survival was

used throughout all LTP experiments. The culture

medium was exchanged every 3 days.



Fig. 1. Schematic of the sequential steps in the preparation of hippocampal�/entorhinal cortex slices from young adult rats (P25-30). Dashed lines

indicate the orientation and angle of each cut and the hippocampal formation is represented (grey ) throughout the procedure. The brains were first

cut mid-sagittally and at a 50�/708 angle along the dorsal edge of each hemisphere and were then mounted on the vibratome platform to be sectioned

perpendicular to the septo-temporal hippocampal axis. Vibratome sections were taken from each hemisphere oriented with the newly cut surface

down. The hippocampal formation, subicular and entorhinal cortices, as well as the cortices dorsolaterally adjacent to hippocampus were taken from

the entire 400 mm section (small inset ). A representative transmitted light image of a freshly prepared hippocampal�/entorhinal cortex slice is shown

(right ). Scale bar: 400 mm. a, anterior; p, posterior; m, medial; l, lateral; d, dorsal; v, ventral; PER, perirhinal cortex; EC, entorhinal cortex; SubC,

subicular cortices; DG, dentate gyrus; h, hilus.
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2.2. Electrophysiology

Following cultivation for 10�/15 days slice cultures

were transferred to a carbogen-interface recording

chamber (Scientific Systems Design, Inc.) that was

modified to fit tissue culture inserts and was optimized

for long-term recordings of cultured slices using en-

hanced humidification (]/90% saturation). Slice cul-

tures were superfused with artificial cerebrospinal fluid

(ACSF; 2.5 mM CaCl2, 20 mM glucose, 1.0 mM L-

glutamine, 3 mM KCl, 1.24 mM KH2PO4, 110 mM

NaCl, 25.6 mM NaHCO3, 1.5 mM MgSO4, osmolarity

adjusted to levels of culture media) saturated with

carbogen at 32 8C.

To determine the connectivity of the hippocampal

circuit, the molecular cell layer of the dentate gyrus was

stimulated using a twisted bipolar teflon-insulated

platinum electrode (17 mm; resistance B/1 MV). Extra-

cellular field potentials (fEPSPs) and population spikes

were recorded throughout the hippocampal circuit using

stainless steel electrodes (5 MV; AM-System). The

signals were digitized using a CED 1401 A/D converter

and analyzed with custom-made software (PWIN,

Magdeburg, Germany).
2.2.1. Analysis of electrotonic components

The contribution of electrotonic stratum oriens com-

ponents to stratum radiatum fEPSPs was analyzed by

placing a cut through stratum oriens fibers that project

to CA1 basal dendrites. The slice was allowed to recover

for 1 h, after which extracellular fEPSPs were recorded

from the CA1 stratum oriens and radiatum following

stimulation of the stratum oriens or radiatum. These

experiments revealed potential confounds from electro-

tonic signals with opposite polarity, which were avoided

in subsequent LTP experiments by only recording and

analyzing field potentials with a defined negative shape

and apparent pair-pulse facilitation.
2.2.2. Pharmacological analysis of the fEPSP: NMDA

receptor contribution

Slices were preincubated in ACSF for 30 min, and

baseline fEPSPs were recorded for 1 h. The following

antagonists were permanently washed into the super-

fused ACSF in the subsequent order (n�/4): a GABAA

channel antagonist (30 mM picrotoxin, RBI), an AMPA/

kainate receptor antagonist (10 mM NBQX, RBI), and a

NMDA receptor antagonist (10 mM CPP, RBI). The

fEPSP amplitude after the addition of picrotoxin was
considered to represent the total excitatory component

of the fEPSP, composed of both AMPA and NMDA

receptor currents. The AMPA receptor contribution was

blocked using NBQX. The remaining component re-

flects the contribution of NMDA receptor currents to

the fEPSP and was completely eliminated by the

NMDA antagonist CPP.
2.2.3. LTP induction

Slices (cultured for 10�/15 days in vitro; DIV) were

allowed to rest in the recording chamber for 30 min and
a lacquer-coated bipolar, stainless steel stimulation

electrode (5 MV; Zak-Medizin Technik) was then

positioned in the stratum radiatum of the CA1 region

for stimulation. Field excitatory postsynaptic potentials

(fEPSPs) were recorded extracellularly in the CA1

region of the stratum radiatum with a glass capillary

microelectrode filled with ACSF (tip resistance �/5

MV), amplified by an AxonClamp 2B amplifier (Axon,
USA), and the slope (mV/ms) was measured. The

stimulation strength was adjusted to result in 50% of

the maximum fEPSP and kept constant throughout the

experiment. Once a baseline was recorded for 1 h, one of

the following tetanization protocols was used to test

LTP induction. (1) High-frequency 100 Hz tetanization

consisted of two stimulus trains of 100 pulses at 100 Hz

with a 10 min intertrain interval. (2) High-frequency 200
Hz tetanization consisted of two stimulus trains of 200

pulses with a 10 min intertrain interval. (3) Theta burst

stimulation consisted of 4�/5 pulses at 100 Hz with a
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250 ms interburst interval. After the tetanus recordings

were taken at 1 min and every 5 min thereafter.

Responses to each stimulus protocol were categorized

as either potentiated (fEPSPs �/120% of baseline
responses at 1 min post tetanus), non-responsive, or

resulting in after-burst discharges with subsequent

depression. Potentiated slices were further classified by

the duration of the potentiation (longer or less than 4 h).

The average slope of the baseline recordings was

compared to the slopes after tetanization using the

two-tailed Mann�/Whitney U -test (P B/0.05). In addi-

tion, the fEPSP amplitudes for slices that resulted in
early-LTP (E-LTP) were compared with those that

resulted in late-LTP (L-LTP). The fEPSP amplitudes

and slopes are reported as the mean9/S.E.M.

2.2.4. NMDA-receptor dependent LTP induction

Fifty mM D,L-2-amino-5-phosphonovaleric acid

(APV; Tocris) was added to the ACSF solution after a

1 h baseline recording and was perfused for 15 min

before as well as during tetanization using the 100 Hz
stimulation protocol. Normal ACSF was perfused for

the remainder of the recording. Control LTP experi-

ments were performed on slices from the same animal on

alternating days with APV experiments, the only

difference being the absence of APV (n�/6). The time

course of the field potential slopes was compared

between control and APV treated slices using the

Mann�/Whitney U -test.

2.3. Immunohistochemistry

The hippocampal�/entorhinal slice cultures were fixed

in 2.5% paraformaldehyde in 0.1 M phosphate buffered

saline (PBS, pH 7.4) for 30 min at 4 8C. Slices were

cryoprotected in 30% sucrose in PBS overnight at 4 8C.

Forty-five mm sections were cut using a cryostat and the
free-floating sections were washed two times in chilled

PBS. The sections were rocked for 2 h at room

temperature in ROTI Immunoblock (Roth GmbH,

Germany) diluted 1:10 in PBS with 0.5% Triton X-

100, and rocked overnight at 4 8C with primary anti-

bodies diluted in blocking solution. Primary antibodies

were as follows: anti-glial fibrillary acidic protein

(GFAP, polyclonal, 1:1000; Sigma), anti-b-III-tubulin
(monoclonal, 1:500; Sigma), anti-neurofilament 68

(monoclonal, 1:1000; Transduction Laboratories), anti-

glutamic acid decarboxylase (GAD67, polyclonal,

1:1000; Chemicon), and anti-MAP2a,b (1:500, polyclo-

nal, Sigma). After incubation, the slices were returned to

room temperature and rocked for 2 h, then rinsed three

times in PBS. All secondary antibodies (Molecular

Probes) were conjugated with Alexa dyes and diluted
to a working solution of 1:200. Following a 2 h

incubation at room temperature, slices were washed

three times in PBS and mounted on glass coverslips
using anti-fade (Molecular Probes) to slow fluorescent

decay. Specimens were examined using a Leica SP1

(Heidelberg, Germany) confocal laser scanning micro-

scope. Immunofluorescence images were obtained as Z-
series stacks and analyzed for colocalization of staining

using LEICA IMAGING software.

For analysis of hippocampal cell survival, mouse

monoclonal anti-neurofilament 68 antibody was used

as a neuron-specific cell marker and rabbit polyclonal

anti glial fibrillary acidic protein as an astrocyte-specific

cell marker. Images of six hippocampi per animal (n�/4

animals) were divided between the anterior, middle, and
posterior thirds of the hippocampus and analyzed for

immunostaining in an area encompassing the entire

granule cell layer of the dentate gyrus, the pyramidal cell

layer of the CA3 region, and the pyramidal cell layer of

the CA1 region. The mean cell number was determined

for each group, and differences were tested for statistical

significance by using the paired Student’s t -test. Prob-

ability values of less than 0.05 were considered signifi-
cant. In addition, a fuchsin acid stain was performed

using standard staining protocols.

2.4. Immunoblotting

Anti-neurofilament 68 antibody staining was used to

indicate the relative portion of neural protein within

slices cultured for 14 DIV. For the first 3 days slices

were cultured in 25% serum. On the third DIV, they
were switched to low K� media with serum concentra-

tions of 5, 25, or 40% (n�/12 for each group). Four

slices per serum concentration group were pooled and

loaded on each of three immunoblots. After 14 DIV the

slice cultures were frozen, pooled, and then homoge-

nized in ice cold buffer (10 mM HEPES pH 7.9, 10 mM

KCl, 10 mM EDTA, DTT, IGEPAL and one protease

inhibitor cocktail tablet (Roche Diagnostic GmbH,
Mannheim, Germany)). Following homogenization,

protein concentrations were measured using a Bradford

(1976) analysis with bovine serum albumin as the

standard. Equal amounts of protein were resolved in

12.5% SDS-polyacrylamide gels (SDS-PAGE) and

transferred to membranes for immunoblotting. Mem-

branes were blocked in ROTIblock (Roth GmbH)

diluted 1:10 in 1 M PBS (pH 7.4) with 0.5% Tween
and then probed with mouse monoclonal anti-neurofila-

ment 68 antibodies (1:1000, Transduction Labora-

tories). The blots were then incubated with

neurofilament antibody, followed by horseradish per-

oxidase-linked goat anti mouse IgG (1:20 000 dilution,

Amersham) before being developed using enzyme-linked

chemiluminescence (ECL, Amersham).

Anti-neurofilament 68 antibody staining was also
used to indicate the relative density of neurons and

their associated processes within slices preincubated in a

carbogen atmosphere. After tissue preparation, slices
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were incubated in carbogen for various lengths of time

(0, 4, 8 and 16 h). Four slices per time point were pooled

and loaded on one immunoblot. After 10 DIV slices

were processed for the analysis of cytosolic protein
fractions as described above.
Fig. 2. Carbogen pre-incubation enhanced slice viability by increasing

neural survival. CA1 pyramidal cells were labeled using antibodies to

MAP2a,b and visualized as composites of stacked optical sections

obtained by confocal microscopy. Slices without carbogen pre-

incubation (A) and slices pre-incubated in a carbogen atmosphere

for 16 h (B) were subsequently cultured for 14 DIV using identical

conditions. The images indicate an increase in the survival of neurons

and their processes following carbogen pre-incubation, which was

confirmed by using the neuron-specific marker neurofilament 68 as an

indicator of neural density in immunoblots of mature slices cultured

for 14 DIV. Following carbogen pre-incubation for 0, 4, 8, and 16 h

(n�/4 for each group), immunostaining revealed that neurofilament 68

protein increased with longer periods of carbogen incubation (C). Scale

bar (shown in B ): 40 mm. sr, stratum radiatum; sp, stratum pyrami-

dale; so, stratum oriens.
3. Results

3.1. Retention of hippocampal circuitry and recording

stability in vitro

To determine whether cultured mature hippocampal
slices could serve as a model system to study LTP

including its late phases, we first determined whether

these slices maintain proper synaptic connections and

cellular properties that allow an induction in vitro. We

first tested the connectivity between hippocampal sub-

regions as well as the stability of baseline recordings for

various hippocampal regions. We found that, in our

hands, a previously introduced protocol (Xiang et al.,
2000) often resulted in slices with damaged CA3 or CA1

cellular layers, which was apparent both visually using a

dissection microscope as disconnected or swollen neu-

ronal layers and electrically after stimulation as a lack of

evoked extracellular responses after 10 DIV. Using a

vibratome and preparing hippocampal�/entorhinal co-

cultures enabled us to obtain more reliably slices with

undamaged CA3 or CA1 regions. Slices with complete
cell layers increased from 38.89/2.1 to 76.49/3.9% for

each dissected animal (visual observation, n�/4 animals,

eight slices per animal, four from each hemisphere).

Regardless of the dissection protocol, the slices con-

tinued to display a progressive decrease in the amplitude

and stability of extracellularly recorded field potentials

with time in culture, which indicated that recovery was

not reached after the initial period of cell death that was
reported to last for 7 days in culture (Xiang et al., 2000).

Slices incubated overnight in a carbogen atmosphere

and then transferred to ambient O2 the following

morning had healthier electrophysiological responses

and a better recovery from initially low fEPSP ampli-

tudes (at 10 DIV) in comparison to those without

carbogen. Pre-incubation in carbogen enhanced slice

viability by increasing neuronal survival or the survival
of neural connections (Fig. 2A, B). The neural density of

slices incubated for various times in carbogen (0, 4, 8,

and 16 h; n�/4 for each group) was assessed by

immunoblot analysis using the neuron-specific marker

neurofilament 68 as an indicator of neural density. We

show that the level of neurofilament 68 protein in-

creased in parallel to prolonged incubation in carbogen

(Fig. 2C) with incubation times longer than 16 h
resulting in no additional benefit (data not shown).

Slices exhibited spontaneous activity for 1�/7 DIV and

were prone to after-burst discharges and oscillations
within the hippocampal circuit presumably as a con-

sequence of cell loss after the dissection. We found that

addition of the adjacent cortices to the hippocampus

stabilized baseline recordings and reduced the occur-

rence of spontaneous activity and oscillations within the

hippocampal circuit. Stable baselines and electrophysio-

logical recordings were possible following 8 DIV and

remained stable until 30 DIV (Fig. 3A). However, after

20 DIV stimulation of the CA1 stratum radiatum often

resulted in late positive potentials in the recorded field

excitatory post-synaptic potentials (fEPSPs, shown in

Fig. 3B) presumably due to stimulation of CA3 axon

branches projecting to striatum oriens after the spread-

ing of cell layers in response to the presence of serum in

culture. Subsequent electrophysiological experiments

were, therefore, performed between 10 and 15 DIV.

The fEPSP recorded in the CA1 stratum radiatum

consisted of an earlier negative and a later positive

component. The positive component of the recorded

fEPSP in the CA1 stratum radiatum after stimulation of

the Schaffer collaterals was presumably due to the

stimulation of axon branches that terminate in stratum

oriens. The potentials before and after a cut in stratum

oriens were compared to confirm that an electrotonic

component from the stratum oriens could be recorded in

stratum radiatum. A cut in the stratum oriens fibers

resulted in a loss of the delayed positive component at
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the stratum radiatum recording site indicating that

positive potentials were generated by the activation of

basal dendrite synapses in stratum oriens and had

electrotonically propagated to stratum radiatum where

they were observed as a positive deflection in the field

potentials (Fig. 3B, C). To minimize potential con-

founds from electrotonic signals with opposite polarity

in further experiments, we analyzed only field potentials

with a late positive component.

The laminar arrangement of the hippocampal circuit

has been shown to be well preserved for extended

periods in culture (Xiang et al., 2000). We tested
whether these synapses remain functional in mature

slices cultured for 14 days in vitro by recording

responses throughout the hippocampal circuit after

stimulating in the dentate gyrus (Fig. 4A, B). Stimula-

tion in the hilus of the dentate gyrus evoked an

antidromic spike from the dentate granule cell layer

and population spikes in the CA3 and CA1 pyramidal

cell layers, which had an average amplitude of 2.79/0.3

mV (n�/10) and increased in latency throughout the

circuit (Fig. 4C, D). Similar results were obtained for

slices cultured for up to 30 DIV (Fig. 4B). Suggesting

that the trisynaptic cascade remains functional for

extended time in vitro.

It has been shown that the probability of inducing

LTP at the CA1/Schaffer collateral synapse increases

with the number of stimulated afferents (McNaughton

et al., 1978). To count the neuron density in each

hippocampal subarea, slices were either fixated at the

time of dissection or cultured for 10�/14 DIV and were

labeled with antibodies against the neuron-specific

marker neurofilament 68. The time in culture did not

change the laminar organization and morphology of the

hippocampal circuit, but resulted in decreased neuronal

cell numbers. Cell counting revealed a significant

reduction in CA3 pyramidal neurons to 61.19/0.8% of

acute slices (P B/0.05). The number of CA1 neurons was

reduced by 18.19/6.8% relative to acute slices (not

significant). To determine whether neuronal cell loss is

a result of increased serum levels, mature slices were

cultured in media with varying serum concentrations

from 3 to 14 DIV (5, 25, and 40%). Proteins were
Fig. 3. Baseline recordings from hippocampal�/entorhinal cortex

cultures. (A) The addition of cortical areas to the hippocampal

formation resulted in more stable electrophysiological recordings.

Field potential recordings in the CA1 area of cultured mature slices

(9 DIV) showed that the fEPSP slope values remained stable during 8 h

baseline recordings (at 120 min, 100.029/12.20; at 480 min, 101.439/

4.45; n�/4). (B) Electrotonic components of the stratum radiatum

fEPSPs were analyzed by placing a cut through the stratum oriens

fibres that project from the CA3 pyramidal cells to the CA1 basal

dendrites. Analog traces of extracellularly recorded stratum radiatum

fEPSPs evoked by Schaffer collateral stimulation at S1 prior to cut

(top ). Analog traces of extracellular fEPSPs recorded following a cut in

the stratum oriens (bottom ). (C) A representative fuchsin acid stained

cultured slice (14 DIV) shows the stimulation and recording sites used

to obtain laminar field potentials before and after cutting the stratum

oriens. The recorded sites were in stratum radiatum (sr) and stratum

oriens (so) (indicated by white asterisks) stimulation electrodes were

placed either in stratum radiatum (S1) or stratum oriens (S2). The

stratum oriens contribution to the stratum radiatum fEPSP is absent

after the cut (B , bottom left ). The stratum oriens potentials could still

be evoked by stimulating proximal to the recording site. The traces

illustrate that stimulation of Schaffer collateral fibers resulted in

potentials generated by the activation of basal dendrite synapses in

stratum oriens that electrotonically propagated to stratum radiatum

where they were observed as a positive deflection in the field potentials.

Scale bars: B , 2 mV/5 ms; C , 250 mm.



Fig. 4. Mature hippocampal�/entorhinal cortex slice cultures retain functional synapses throughout the hippocampal trisynaptic cascade for

extended time in culture. (A) Transmitted light image of a mature hippocampal�/entorhinal cortex slice cultured for 14 DIV. Neuronal layers appear

as bright transparent laminae, whereas axon pathways appear dark. The image illustrates stimulation and recording sites used to obtain field

potential recordings throughout the hippocampal trisynaptic cascade. (B) Analog traces of field potentials recorded in the dentate gyrus (DG), CA3

and CA1 of mature slices cultured for either 14 or 30 DIV. Field potential recordings were evoked using two stimulation sites, S1 and S2, with

recording sites labeled 1�/5. Hilar stimulation, S1, evoked an antidromic population spike from the dentate granule cell layer (1). Stimulation of the

molecular layer of the dentate gyrus, S2, evoked population spikes from pyramidal cells in area CA3 (2) and CA1 (4), as well as fEPSPs in the stratum

radiatum (3) and stratum oriens (5). (C) Data represent the mean population spike amplitude recorded from slices cultured for 14 DIV, (n�/10). (D)

Evoked responses increased in latency throughout the circuit. Data represent the mean latency of population spikes shown in (C). Scale bars: A , 250

mm; B , 1 mV/10 ms.

Fig. 5. Neural density of mature cultured slices increases when serum

concentration is reduced. Mature slices were incubated in media with

varying serum concentrations from 3 to 14 DIV (5, 25, and 40%).

Immunoblot analysis of neurofilament 68, a neuron-specific marker,

was used as an indicator of the neural density in acute P25 slices and

P25 slices cultured for 14 DIV (n�/4 for each group). Immunostaining

of neurofilament 68 protein revealed the decrease of neural density in

cultured compared with acute slices, as well as the lowest neural

density with the highest serum concentration.

J.K. Leutgeb et al. / Journal of Neuroscience Methods 130 (2003) 19�/32 25
separated using a standard SDS-PAGE gel, and probed

for the neuron-specific marker neurofilament 68 as an

indicator of the density of neural tissue. We found that

the level of neurofilament 68 protein decreased along

with the increase in serum concentration (Fig. 5).

Atypical cells with irregularly shaped nuclei were

observed in cultured adult slices at the border between

the hilus and the inner granule cell layer (Fig. 6A, B).

The identity of these cells was tested using antibodies

against the neuron-specific early differentiation marker,

b-III-tubulin (Lee et al., 1990), the astrocyte-specific

markers vimentin (Pixley and de Vellis, 1984) and

GFAP (Debus et al., 1983), as well as the interneuron

marker GAD 67. Cells were only labeled by the

neuronal-specific marker b-III-tubulin and were shown

to project processes into the dentate molecular layer and

randomly through the hilus (Fig. 6C). These cells were

initially observed in 83.3% of slices after 8�/14 DIV (n�/

18). However, when the protocol was altered to change

the culture media to 5% serum at 3 DIV, the occurrence



Fig. 6. Ectopic b-III-tubulin-immunoreactive cells were found in the hilus of mature hippocampal�/entorhinal cortex slices cultured in 25% horse

serum. b-III-tubulin immunohistochemistry (green ) illustrates a population of cells in the hilar region of mature cultured slices (A), which were not in

acute slices from the same animal (B). For comparison glial cells were labeled using antibodies to glial fibrillary acidic protein (GFAP, red ). (C)

Displaced b-III-tubulin-immunoreactive neurons were also shown to project erratic processes, suggesting there is minor reorganization in the dentate

gyrus of mature cultured slices when cultured in high serum concentrations. Slices cultured in high serum were not used in further

electrophysiological experiments. A�/C are composites of stacked optical sections obtained by confocal microscopy. Scale bars: 40 mm. dgc,

dentate granule cell layer; h, hilus; m, molecular layer.
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of these cells decreased to 18.2% of the slices (8�/14 DIV,

n�/11), implicating high serum concentration in the

presence of these neurons.

3.2. Characterization of the fEPSP in the CA1 stratum

radiatum

Increases in synaptic strength, which are thought to
participate in information coding at the cellular level can

be measured as an increased fEPSP slope. To determine

whether persistent synaptic potentiation can be induced

and maintained in cultured mature hippocampal�/en-

torhinal slices, we first characterized the fEPSP recorded

at the Schaffer collateral input to the pyramidal neurons

of the CA1 region. Synapses were tested using a paired-

pulse paradigm that resulted in a paired-pulse facilita-
tion, i.e. an increase in the slope of the second response

during paired stimulation. The paired-pulse facilitation,

which is short-lasting and presumably presynaptic,

indicates that there is sufficient transmitter release
Fig. 7. The synapses of CA1 pyramidal cells in mature slice cultures show the

(B) Analog traces of extracellularly recorded field potentials, using a paired-pu

pulse facilitation of the fEPSP evoked at the synapses between the Schaffer

simultaneously in a paired-pulse depression of the CA1 pyramidal cell popu
from the presynaptic afferents even when pulses are

given at short intervals. On the other hand, when CA1

pyramidal cell population spikes were recorded simulta-

neously, the second response decreased for paired

stimuli (Fig. 7A, B). This pattern matches what is seen

in acute slices and suggests that culture conditions do

not lead to synaptic failure by, for example, the

depletion of readily releasable vesicles.

We further investigated whether NMDA currents

contribute to the fEPSP, to show that the receptors

and their excitatory synaptic currents, which are essen-

tial for the induction and expression of LTP, are not lost

after time in culture. Receptor antagonists were added in

succession until the complete fEPSP was blocked to

reveal the contribution of each receptor type to the total

fEPSP. First, the addition of picrotoxin (30 mM), a

GABAA channel antagonist, resulted in temporary

synchronized bursting of CA1 and CA3 pyramidal cells

indicating the presence and functionality of the inhibi-

tory synaptic circuit. The remaining excitatory synaptic
functional properties corresponding to acute transverse slices. (A) and

lse stimulation in stratum radiatum. (A) Stimulation resulted in paired-

collateral axons and apical dendrites of CA1 pyramidal cells, and (B)

lation spike amplitude. Scale bars: 0.5 mV/10 ms.
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current was expected to be composed of an earlier

AMPA component, and a smaller late NMDA compo-

nent (Hestrin et al., 1990). Accordingly, the AMPA/

kainate receptors antagonist NBQX (10 mM), resulted in
a large reduction of the evoked fEPSP amplitude, and

the NMDA receptor antagonist CPP (10 mM) comple-

tely blocked the remaining signal (n�/4). The compo-

nent that was a result of NMDA receptor activation

corresponded to 33.889/12.39% of the combined AMPA

and NMDA-dependent fEPSP amplitude.
3.3. Induction and expression of LTP in CA1 of cultured

mature hippocampal�/entorhinal cortex slices

We investigated the stimulation requirements for LTP

induction and its maintenance for more than 4 h at the

Schaffer collateral input to the CA1 pyramidal neurons

in cultured mature hippocampal�/entorhinal cortex

slices. We tested three different high-frequency stimula-

tion paradigms to determine whether long-term mod-
ifications of synaptic inputs were possible in mature

cultured hippocampal�/entorhinal cortex slices. The

results were categorized into instances with potentiated

(�/20% increase at 1 min post tetanus compared with

baseline) and non-potentiated fEPSPs, and potentiated

slices were further classified by the LTP duration (see

Table 1). Three or more trains of high-frequency

stimulation consistently resulted in after-burst dis-
charges and synaptic depression following the third

stimulus train. When two rather than three stimulus

trains were given, bursting was reduced to 38.8% of

slices (n�/18). LTP induction was significantly more

successful using the 100 or 200 Hz protocols compared

with using theta burst stimulation (100 Hz, 61.1% of the

slices, n�/18; 200 Hz, 55%, n�/20; theta burst stimula-

tion, 27%, n�/15). However, 100 Hz stimulation re-
sulted less often in after-burst discharges and subsequent

depression. The 100 Hz protocol consisting of two trains

of 100 Hz stimulation for 1 s with a 10 min intertrain
Table 1

LTP trials in mature slice culturesa

Stimulation protocol PTP LTPB/4 h

Theta burst 0 3

200 Hz 4 5

100 Hz 4 7

5% serum 6 11

Enhanced chamber 2 3

Single animal 1

a Slice cultures were maintained in vitro for 10�/15 days, after which on

induction and expression. Increases of greater than 20% compared with baseli

divided by duration. Posttetanic potentiation (PTP) was defined as a return t

less than 4 h and late LTP was defined as potentiation that lasted more than 4

response (NR) or after-burst discharges (ABD), which were often accompanie

subdivided to reflect further changes in culturing and recording protoco

enhancement of the recording chamber, and a comparison of slices taken from
interval was therefore selected for further LTP experi-

ments.

To reduce the number of LTP trials that resulted in

spontaneous bursting and depression and to increase the

duration of LTP expression, we considered that serum

may be excitotoxic to hippocampal neurons in culture at

high concentrations (see Ye and Sontheimer, 1998),

which could contribute to the frequent failure of LTP

induction and/or maintenance in cultured mature slices.

Reducing the serum concentration from 25 to 5% at 3

days in vitro resulted in an increase in the frequency of

slices with successful LTP induction to 85%. In addition

bursting was eliminated (Table 1). These results suggest

that increased serum concentrations reduce the like-

lihood for failure of LTP induction.

The 100 Hz stimulation protocol in our cultured slices

consistently resulted in E-LTP lasting less than 4 h. To

rule out the contribution of unfavorable recording

conditions to short-lasting LTP we modified the record-

ing chamber to better support cultured slices by

introducing enhanced humidification with a vapor

saturation of ]/90%. Slices remained viable in the

enhanced recording chamber for extended periods of

time as shown by stable fEPSP baseline recordings for a

14 h period after which LTP was successfully induced

(data not shown). In addition, the overall duration of

LTP was extended with the improved chamber condi-

tions in which L-LTP occurred in 40% of all slices (n�/

10, see Table 1). Although long lasting, the induced LTP

consistently had a decremental component, with a

declining potentiation for 3 h and a subsequent plateau

at a �/30% increase compared with baseline. Poten-

tiated responses were observed to remain significantly

increased for up to 6 h (mean at 360 min, 132.899/

13.79%, P B/0.05, n�/4). Along with L-LTP in 40% of

the slices, we observed E-LTP in 30% of all slices with

the same stimulus protocol and recording conditions

(mean at 60 min, 130.679/8.71%, P B/0.05; mean at 120

min, 115.649/12.18%; n�/3; Table 1 and Fig. 8A). All
LTP�/4 h ABD NR n

1 7 4 15

2 7 2 20

0 5 2 18

0 0 3 20

4 0 1 10

5 6

e of the listed stimulus paradigms was tested for the success of LTP

ne (at 1 min post tetanus) were considered potentiated and were further

o baseline after less than 5 min, early LTP lasted more than 30 min but

h. Tetanization that did not result in potentiation was categorized as no

d by depression. Experiments with the 100 Hz stimulation protocol are

ls, which include a decrease in serum concentration at 3 DIV, an

a single animal to control for possible variations between dissections.



Fig. 8. Expression of LTP in the CA1 synapses of cultured mature

hippocampal�/entorhinal cortex slices following high-frequency stimu-

lation (HFS; 2 trains of 100 Hz for 1 s, 10 min intertrain interval). HFS

of slices with smaller fEPSP amplitudes resulted in E-LTP, whereas the

same stimulation paradigm resulted in L-LTP in slices with larger

fEPSPs. (A) HFS (arrows) of the Schaffer collaterals resulted in both

L-LTP (k), and also E-LTP (^) in mature slices (L-LTP at 360 min,

132.899/13.79%, n�/4), (E-LTP at 60 min, 130.679/8.71%; at 120 min,

115.649/12.18%; n�/3). HFS induced L-LTP in five of six cultured

slices from the same animal (m; at 300 min, 142.819/20.37%, n�/6).

Symbols in A also correspond to the same data represented in B and

C . (B) Superimposed representative field potentials taken 10 min

before and 30 min after HFS of Schaffer collateral axons. Note that

tetanization experiments that resulted in E-LTP were characterized by

smaller fEPSP amplitudes during baseline recordings. (C) Mean

baseline fEPSP amplitudes for each trial shown in (A) that resulted

in E-LTP (B/4 h) and L-LTP (�/4 h). Symbols represent the mean

baseline fEPSP. Scale bar: 0.5 mV/20 ms.

Fig. 9. LTP in the CA1 area is NMDA receptor dependent. APV was

added to ACFS and superfused for 20 min before until 20 min after the

induction of LTP (bar ). HFS (arrows ) applied in the presence of 50

mM APV ("), resulted in significantly lower initial potentiation than

HFS applied in control conditions (k) (APV at 60 min, 105.699/

6.07%, n�/6, Control at 60 min, 142.049/10.68%, n�/6). Top : Super-

imposed representative field potentials in the CA1 area 10 min before

and 30 min after HFS of the Schaffer collaterals in normal ACSF

(control data included in Fig. 8), or in ACSF with 50 mM APV. Scale

bar: 0.5 mV/10 ms.
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slices that showed E-LTP rather than a longer lasting

LTP were characterized by smaller fEPSP amplitudes

during baseline recordings (Fig. 8B, C), suggesting that

the failure of LTP longer than 4 h was related to the

lower initial amplitudes of the fEPSP.

To investigate whether the variation in the response to

100 Hz stimulation was due in part to differences

between dissections, LTP was induced in slices taken

from the same animal (right and left hemispheres, n�/6,

see Table 1). High-frequency stimulation resulted in an

average initial potentiation of excitatory postsynaptic

potentials that reach �/150% of the baseline slope and a

minimum duration of at least 3 h when Schaffer

collaterals were stimulated with the 100 Hz stimulus
protocol (mean percent of baseline at 60 min, 142.819/

11.94%, P B/0.05; at 300 min, 142.819/20.37%, P B/

0.05, n�/6, Fig. 8A). As in previous experiments a

robust short-term LTP was observed along with a
weaker and more variable longer lasting LTP. The

variation in response to strong stimulation was reduced

between slices from the same animal with all cultured

slices showing a similar initial magnitude of short LTP,

and longer lasting LTP was induced in 83% of all slices

from a single animal.
3.4. LTP in area CA1 is NMDA receptor dependent

We have shown that mature hippocampal�/entorhinal

cortex cultures retain synaptic properties in vitro that

allow for the induction and expression of long-lasting

LTP. The LTP induced by the 100 Hz stimulation

protocol resulted in a long-lasting LTP, which requires

postsynaptic Ca2� influx and is either dependent on N -

methyl-D-aspartate (NMDA) receptor activation
(Lynch et al., 1983; Collingridge et al., 1983) or on the

activation of voltage-gated Ca2� channels (Grover and

Teyler, 1990, 1995). We tested whether LTP induced by

100 Hz stimulation in mature hippocampal slices is

NMDA receptor dependent. When 100 Hz stimulation

(two trains of 100 Hz for 1 s, 10 min intertrain interval)

was applied to the Schaffer-collateral fibers in the

presence of the NMDA receptor antagonist D,L-2-
amino-5-phosphonovaleric acid (APV; 50 mM), the

potentiation was significantly reduced relative to control
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LTP (P B/0.05, Fig. 9). In the presence of APV, the

stimulation only resulted in an immediate posttetanic

potentiation (mean percent of baseline at 10 min,

126.319/10.81%, n�/6, P B/0.05; 60 min, 105.699/

6.07%, n�/6) and was significantly different from

controls (P B/0.05, mean percent of baseline at 60 min,

142.049/10.68%, n�/6), indicating that the long-lasting

LTP induced by 100 Hz stimulation in mature

hippocampal�/entorhinal cultured slices was NMDA

receptor dependent.
4. Discussion

4.1. Improved electrophysiological signals and their

stability in mature hippocampal slice cultures

By improving the electrophysiological properties of

hippocampal�/entorhinal slice cultures from young adult

rats (P25-30), we obtained slices with an intact trisy-

naptic loop, stable fEPSP amplitudes during baseline
recordings, and reliable LTP, including a long-lasting

form of LTP. LTP in mature hippocampal�/entorhinal

cortex slices after 100 Hz stimulation of the Schaffer

collateral input to the CA1 pyramidal neurons was

NMDA-dependent, characterized by an initial decre-

mental component, and could last for up to 6 h. LTP

induction and maintenance in our mature cultured slices

depended on optimizing the culture conditions to obtain
adult tissue cultures with electrophysiological properties

that resemble those of acute slices and intact animals,

including the capability for LTP induction with extra-

cellular stimulation.

The use of mature hippocampal�/entorhinal cortex

slice cultures in electrophysiological experiments re-

quired five key protocol changes. First, we found that

using a vibratome to prepare hippocampal�/entorhinal
slices for culture enabled us to reliably obtain a high

proportion of slices with undamaged CA3 or CA1

regions. Using a modified vibratome allowed us to

constantly keep the tissue at 4 8C throughout the entire

procedure and to take sections along the entire hemi-

sphere from which the hippocampus and associated

subicular and entorhinal cortices were removed by a

single cut to minimize the handling of the tissue and
potential cell damage. Second, adding the adjacent

subicular and entorhinal cortices to the hippocampus

greatly enhanced the stability of baseline recordings by

reducing the occurrence of spontaneous activity within

the hippocampal circuit resulting in stable baseline

recordings (Fig. 3A). Third, slices incubated overnight

at 34 8C in carbogen retained larger electrophysiological

responses, which recovered better from initially low
synaptic amplitudes (at 10 DIV) in comparison to those

maintained at ambient O2 (Fig. 2). Fourth, lowering the

serum concentration had a dramatic effect on the
capability for LTP induction in mature hippocampal�/

entorhinal cortex co-cultures, and was necessary to

reliably induce LTP in mature cultured slices. Reducing

the serum concentration from 25 to 5% at 3 DIV
resulted in a significant increase in the induction of

potentiation to occur in up to 85% of all slices, without

bursting and synaptic depression following the high-

frequency stimulation (see Table 1). Finally, modifica-

tion of the recording chamber by introducing enhanced

humidification resulted in an overall increase in the

duration of LTP (�/4 h), where L-LTP was shown to

occur in 40% of all slices (Table 1). Improved electro-
physiological characteristics and the success of LTP

induction and maintenance were shown to depend on

adapted methodological procedures aimed at better

sustaining the survival of hippocampal neurons and

their connections, which is a prerequisite for maintain-

ing synaptic function and inducing synaptic plasticity in

our cultured slices.
4.2. LTP in mature hippocampal�/entorhinal cortex slice

cultures

After 2�/3 weeks in culture, mature rat (P25-30)

hippocampal�/entorhinal cortex slices are capable of

activity-dependent changes in synaptic strength at the

Schaffer collateral input to the pyramidal neurons of the

CA1 region. Further investigation of the properties of
LTP in culture after high-frequency stimulation showed

that high-frequency stimulation (100 Hz) at the Schaffer

collateral input to the CA1 pyramidal neurons in mature

hippocampal�/entorhinal cortex slices is NMDA recep-

tor dependent (Fig. 9) and consistently characterized by

an initial robust early phase of LTP that declines and is

followed by a variable late phase (Fig. 8A). In acute

slices a single high-frequency stimulation train (100 Hz)
consistently evokes E-LTP. The early-phase of LTP is

short lasting, stable for up to 3�/4 h, dependent on

NMDA receptor activation, and maintained by second

messenger cascades activated after an initial influx of

Ca2� (reviewed in the following: Malenka and Nicoll,

1999; Soderling and Derkach, 2000). When three or

more high-frequency stimulus trains are given, a second

component is added, which begins gradually during the
first 1�/3 h and is retained as long as 10 h in acute slices

(Frey et al., 1988, 1993, 1996; Matthies et al., 1990). The

late phase of LTP is protein synthesis dependent (Krug

et al., 1984; Frey et al., 1988, 1996; Huang and Kandel,

1994; Huang et al., 1996; Nguyen et al., 1994), activated

by second messenger cascades typically initiated during

E-LTP and prevented in the presence of dopamine

antagonists (Frey et al., 1990, 1991). Coactivation of
subcortical inputs, such as dopamine, is necessary to

establish the late forms of LTP (Frey et al., 1990, 1991;

Huang and Kandel, 1995; Swanson-Park et al., 1999).
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High frequency stimulation (100 Hz) of the Schaffer

collateral/CA1 synapses in mature hippocampal�/en-

torhinal slices resulted in varied amplitudes and time

courses of LTP, even after introducing the modified
protocol that improved and prolonged LTP (Table 1

and Fig. 8A). The stimulus protocol that had been

identified to be the most effective (two trains of 100 Hz

for 1 s, 10 min intertrain interval) resulted in at least an

initial potentiation in 70% of all slices. The potentiation

was characterized by an initial robust E-LTP and, in

40% of the slices, also a weak form of L-LTP. An

analysis of the fEPSP amplitudes during baseline
recordings revealed that all slices that only expressed

E-LTP had lower fEPSP amplitudes than those slices

that showed L-LTP (Fig. 8B, C). These results suggest

that the expression of L-LTP was prevented when fewer

synapses and/or lesser currents at each synapse con-

tributed to the fEPSP indicating that the size of the

fEPSP can predict whether L-LTP can be induced in a

slice culture. Even when expressed, the long-lasting LTP
in mature cultured slices was weak in comparison to the

early phases and of varying duration between slices (Fig.

8A). The weak expression of long-lasting LTP differs

from the non-decremental transition from E-LTP to L-

LTP in acute slices. Cultured slices lack afferent

innervation from extrinsic inputs, which may be re-

quired to establish the late-phases of LTP at maximal

levels of potentiation. Further investigation is needed to
determine factors that modulate the late-form of LTP in

mature hippocampal slices. Thus, it remains currently

open, whether the prolonged form of LTP in such

cultures also depends on protein synthesis.

We found that mature hippocampal�/entorhinal cor-

tex slice cultures were hyperexcitable in particular in

response to the high-frequency stimulation needed to

induce long-lasting changes in synaptic strength. Three
or more trains of high-frequency stimulation have been

shown to consistently induce L-LTP in acute slices (Frey

et al., 1993; Nguyen et al., 1994). The same stimulus

pattern resulted in after-burst discharges and synaptic

depression in cultured mature slices. With a reduction to

two stimulus trains we were able to induce LTP within a

portion of cultured slices (see Table 1). We have shown

that the surviving hippocampal circuit, that has been
established in P25 animals in vivo, remains functional in

mature cultured slices for at least up to 30 DIV (see Fig.

4). We report that a balance between excitation and

inhibition is maintained, and the proper receptor con-

tribution to the fEPSP is retained when the slices are

cultured in low serum media. However, strong stimuli

resulted in spontaneous bursting and oscillations

throughout the hippocampal circuit. Such hyperexcit-
ability may in part be due to intact functional connec-

tions throughout the hippocampal trisynaptic cascade.

In acute slices, severed afferent fibers are stimulated,

preventing high-frequency stimulation from propagat-
ing for long distances. In mature cultures only intact,

healthy neurons and their connections are retained and

fiber stumps can be assumed to have degenerated. LTP

induction in our slices is thus complicated by the delicate
balance between providing a high enough extracellular

stimulus intensity to activate a sufficient number of

afferent axons to the CA1 cell population without

hyperexciting the entire circuit. Similar problems for

LTP induction have also been described at the CA1

synapses in the intact animal (Leung, 1979; Leung and

Shen, 1995). The stimulation of intact cell populations

rather than a large number of severed axons more
closely resembles the situation in the intact animal.

Impaired LTP induction in cultured mature slices

occurred as a direct consequence of cell culture condi-

tions, most importantly the serum content in the culture

media. When the serum concentration was reduced from

25 to 5% at 3 DIV, bursting and depression following

100 Hz high-frequency stimulation was eliminated and

the occurrence of LTP significantly increased to 85% of
all slices (see Table 1). Possible mechanisms by which

serum prevents LTP induction are by decreasing the

total neural density of the mature slice (see Fig. 5), and

by inducing the occurrence of ectopic neurons (see Fig.

6).

We showed that the total neural density of mature

hippocampal�/entorhinal cortex slices cultured for 14

DIV decreased with increasing serum concentration in
the culture media (see Fig. 5), suggesting a direct effect

of serum on the survival of hippocampal neurons or

their processes in culture. Decreased serum concentra-

tion, along with increased neural density resulted in

successful LTP induction in most slice cultures. The

probability of inducing LTP at the CA1/Schaffer

collateral synapse increases with higher stimulation

intensities that recruit a larger number of axons
(McNaughton et al., 1978). Using cell counting, we

found that neuronal loss after 14 DIV with 25% serum,

relative to acute slices, was most pronounced in the CA3

area. The significant reduction in CA3 pyramidal cells

would in turn lead to a reduction in the number of axons

projecting to the CA1 pyramidal cells, thus reducing the

probability to induce LTP at the Schaffer collateral CA1

synapses. We suggest that the reduced density and
number of surviving neurons in culture decreased the

number of afferent fibers recruited by high-frequency

stimulation and resulted in the failure to provide the

spatiotemporal cooperativity for LTP induction at the

Schaffer collateral-CA1 pyramidal cell synapse

(McNaughton et al., 1978; Kelso and Brown, 1986;

Brown et al., 1990; Bliss and Collingridge, 1993). Such

properties of LTP induction could also explain the
variability in the resulting magnitude of LTP between

slices as well as the differences in the time-course of LTP

expression (see Fig. 8 and Table 1). Most fibers in the

vicinity of the stimulating electrode can be assumed to
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be activated by stimulation in slice cultures, which are

only 100�/200 mm thick after 10 DIV, suggesting that the

variability in fEPSP amplitude reflects variability in the

number of activated afferent fibers (see Fig. 8B, C).
Small differences in the dissection procedure during

each slice preparation may lead to varying levels of

neural density between slice preparations, and to a lesser

extent between slices from one animal.

Increased serum concentrations were also shown to

result in ectopically placed neurons within the hilus of

cultured mature hippocampal�/entorhinal cortex slices

in vitro (see Fig. 6). The reduction in serum concentra-
tion reduced the occurrence of ectopic neurons from

83.3 to 18.2%. The appearance of such cells in vitro

could be a result of epileptiform activity (oscillations,

bursting) induced, for example, by serum-borne gluta-

mate, or from spreading of the neuronal cell layers in

culture. In adult rats ectopic granule cells located at the

border of the hilus and inner granule cell layer, are

characterized by irregular shaped nuclei (Parent et al.,
1996, 1999), and give rise to abnormal axonal projec-

tions resulting in hippocampal hyperexcitability in vivo

(Scharfman et al., 2000). These ectopic granule cells are

generated as a result of kainic acid-induced seizures, and

resemble those in mature cultures, both in morphology

and immunofluorescent labeling. Although we did not

test whether these cells form connections influencing the

properties of CA3 pyramidal cells as reported in vivo
(Scharfman et al., 2000), we observed that spontaneous

bursting and after-burst discharges were reduced along

with their reduced occurrence. Moreover, fluorescent

imaging revealed some displaced granule cells that

projected misguided processes (see Fig. 6C). Xiang et

al. (2000) also mentioned the appearance of dislocated

cells from the granule cell layer, and confirmed using

Timm’s stain and DiI tracing that there is minor
rearrangement of the mossy fiber pathway in mature

slice cultures. Ectopically placed neurons within the

hilus of mature cultured hippocampal�/entorhinal cortex

slices were shown to occur as a direct consequence of

increased serum concentrations in culture on the lami-

nar organization of mature hippocampal slices, and

could contribute to the hyperexcitability of mature slices

cultured in high (25%) serum to high-frequency stimula-
tion.

4.3. Mature hippocampal�/entorhinal cultures: a valuable

tool in the study of synaptic plasticity

In our opinion mature hippocampal�/entorhinal cul-

tures are an excellent advance in the study of synaptic

plasticity allowing one to overcome some of the experi-

mental limitations in previous models, and providing an
additional tool in the field of LTP research. They allow

for experimental manipulations that are not possible in

vivo, overcome the time limit of acute hippocampal
slices, and allow scientists to study LTP at the mature

synapse in experiments that are better suited for the use

of cultured tissue. We have shown that LTP can be

induced in cultured hippocampal�/entorhinal cortex
slices from young adult (P25-30) rats. It was of great

significance to characterize LTP in cultured mature

slices in order to validate their use for further experi-

ments investigating the specific mechanisms involved in

LTP. Mature slices exhibited a weak but long-lasting

form of LTP. Investigation into the modulation of this

lasting form of LTP in our slices can answer questions

previously difficult to address in acute slices, such as
testing the coactivation of subcortical inputs as a

requirement for the expression of L-LTP.
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