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Abstract

The acute hippocampal slice preparation is a convenient,
in vitro model widely used to study the biological basis of
synaptic plasticity. Although slices may preserve their elec-
trophysiological properties for several hours, profound mole-
cular changes in response to the injury caused by the slicing
procedure are likely to occur. To determine the magnitude and
duration of these changes we examined the post-slicing
expression kinetics of three classes of genes known to be
implicated in long-term synaptic plasticity: glutamate AMPA
receptors (GIuR), transcription factors and neurotrophins.
Slicing resulted in a striking loss of GluR1 and GIuR3, but not
of GIuR2 proteins suggesting that rapid changes in the

composition of major neurotransmitter receptors may occur.
Slicing caused a significant induction of the transcription fac-
tors c-fos, zif268, CCAAT enhancer binding protein (C/EBP) f3
and 6 mRNAs and of the neurotrophin brain-derived neuro-
thophic factor (BDNF) mRNA. In contrast, there was no aug-
mentation, and sometimes a decline, in the levels of the
corresponding proteins. These data reveal that significant
discrepancies exist between the slice preparation and the
intact hippocampus in terms of the metabolism of molecular
components known to be involved in synaptic plasticity.
Keywords: hippocampus, glutamate receptor, neurotrophin,
slice, transcription factor.
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The hippocampal slice preparation has been extensively
employed as an in vitro model for investigating the
biological basis of neural responses. Particularly favored
is the use of slices to study long-lasting synaptic changes
such as long-term potentiation (LTP) and long-term depres-
sion, which are thought to underlie a variety of complex
brain functions, including memory (Huang et al. 1996;
Riedel et al. 1996; Hughes et al. 1999). However, as tissue
sectioning produces somatic injury, which results in axot-
omy, release of ions, metabolites, and growth factors,
profound molecular and structural changes are likely to
occur in slices relative to the intact brain (Sheng and
Greenberg 1990; Schlingensiepen et al. 1994; Zhou et al.
1995; Siklos et al. 1997; Kirov et al. 1999). If these
changes are profound and persistent, they likely alter the
molecular and metabolic state of the tissue, which therefore
no longer reflects native physiological conditions. There-
fore, we have investigated the following questions: (i) Can
the acute slice preparation provide a suitable model
for studying gene regulation that accompanies neuronal

functions in vivo? and (ii) What are the magnitude and
duration of the molecular changes induced by slicing?

We analyzed classes of molecules whose regulation is
known to be associated with synaptic plasticity and memory
because we contemplated the use of the slice model to
characterize molecular changes underlying synaptic responses
in long-term memory. These genes included glutamate
AMPA receptors, transcription factors, and neurotrophins.
A large body of literature reported that these molecules are
regulated following learning as well as somatic injury;
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however, the extent to which their expression changes as a
consequence of the slicing event alone has not yet been
determined (Cole et al. 1989; Nikolaev et al. 1991; Kacz-
marek 1993; Nowak et al. 1993; Alberini et al. 1994; Hayes
et al. 1995; Kang and Schuman 1995; Raghupathi et al.
1995; Dragunow 1996; Herrera and Robertson 1996; Houpt
et al. 1996; Lamprecht and Dudai 1996; Akaneya et al.
1997; Chaudhuri 1997; Kennis and Holstege 1997; Linnarsson
et al. 1997; Montkowski and Holsboer 1997; Cammarota
et al. 1998; Castren et al. 1998; Gall et al. 1998; Lessmann
1998; Lynch 1998; Ma et al. 1998; Nayak et al. 1998;
Sterneck et al. 1998; Berardi and Maffei 1999; Dutcher et al.
1999; Hughes et al. 1999; Montag-Sallaz et al. 1999,
Radulovic ef al. 1999; Schuman 1999; Tischmeyer and
Grimm 1999; Walton ef al. 1999; Wan et al. 1999; Zhang
et al. 1999; Taubenfeld ef al. 2001). This determination is
important when using slice preparations as a model of
synaptic plasticity and memory because molecular changes
elicited by synaptic plasticity protocols may be superim-
posed or camouflaged by the modifications produced by
slicing.

To compare the molecular steady-state of the acute slice
preparation to that of the intact tissue, we assessed the effects
of slicing on mRNA and protein expression of several
members of the following classes of genes over a 6-h time
course: (i) three glutamate AMPA receptor subunits — GluR1,
GluR2, and GluR3; (ii) four transcription factors — c-fos, zif
268, and CCAAT enhancer binding proteins (C/EBP) f§ and
0; (iii) two neurotrophins — BDNF and NT-3; and (iv) two
housekeeping genes — cyclophilin and actin.

Materials and methods

Animals and hippocampal slicing
All protocols were approved by the Institutional Animal Care and
Use Committee and were in accordance with National Institute of
Health regulation for the care and use of animals in research.
Young adult Long—Evans rats were anesthetized with Metofane
vapors and sacrificed by decapitation. Brains were quickly dissected
in an ice-cold oxygenated (95% 0,/5% CO,) bath of artificial
cerebrospinal fluid (ACSF: 124 mm NaCl, 5 mm KCI, 1.23 mm
NaH,PO4H,0, 26 mm NaHCOs;, 10 mm dextrose, 2 mm CaCl,, and
1 mm MgCly). The hippocampi were removed and either frozen
immediately in a dry-ice/ethanol bath and stored at —80°C (intact)
or sliced on a Mcllwain tissue chopper (or vibratome, where
specified) in ice-cold oxygenated ACSF to a thickness of 400 pm.
Slices were either frozen in a dry-ice/ethanol bath and stored at
—80°C (0 min), or placed in a bath of oxygenated ACSF and
incubated at 37°C (or 29°C, where specified) for the indicated length
of time (15, 30, 60, 120, 240, and 360 min) and then frozen at
—80°C. One entire hippocampus was sliced and used for each single
condition. Four hippocampi per timepoint were analyzed. All
samples were stored at —80°C until protein or RNA extractions
were performed.
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RNA extraction and northern blot analysis

Total RNA was extracted following the method of Chomczynski and
Sacchi (1987). One milliliter of solution D (4 M guanidinium
thiocyanate, 25 mm sodium citrate pH 7.0, 0.1 M 2-mercaptoethanol
and 0.5% sarcosyl) was added per 100 mg of tissue. The samples
were polytron-homogenized, extracted with 1 volume of phenol/
chloroform and precipitated with 1 volume of isopropanol. Ten
micrograms of total RNA/sample were electrophoresed on 1.2%
agarose gels, transferred to Hybond-N + nylon membranes
(Amersham, Arlington Heights, IL, USA) and UV-crosslinked.
The membranes were hybridized overnight at 42°C with specific
probes in 50% formamide, 5 X saline—sodium phosphate-EDTA
(SSPE), 0.1% sodium dodecyl sulfate (SDS), 2 X Denhardt’s
solution, 0.1 mg/mL tRNA and 0.1 mg/mL salmon sperm DNA.
Probes were labeled with random oligonucleotide primers (Prime-It
II kit, Stratagene, Cedar Creek, TX, USA) and [u-32P]dCTP
(Amersham). At the end of the hybridization, the membranes were
washed, exposed to BioMax MS film (Eastman Kodak, Rochester,
NY, USA) and quantitative densitometric analysis was performed
using NIH Image. Statistical analysis was performed using one-way
ANovA followed by Dunnett’s post-hoc analysis. The same mem-
brane was stripped and re-hybridized with different rat probes as
described in the Results section.

Probes

c-fos: last 700 bp of the 3’ untranslated region (UT); zif268: last
300 bp of the 3" UT; C/EBP: last 400-bp Smal/Pstl fragment of the
3" UT, C/EBP5: 493-bp region beginning from base 13 of the open
reading frame; GluR1, GluR2, GluR3, BDNF, NT-3, cyclophilin and
p-actin: entire open reading frames. f-actin was utilized as control
to which all other hybridizations were normalized.

Western blot analysis

Extracts from rat hippocampi were obtained by polytron homo-
genization in cold lysis buffer with protease inhibitors [0.2 M NaCl,
0.1 m HEPES, 10% glycerol, 2 mm NaF, 2 mm Na,P,07, 5 mm
EDTA, 1 mm EGTA, 2 mm dithiothreitol (DTT), 0.5 mm phenyl-
methylsulphonyl fluoride (PMSF), 1 mm benzamidine, 10 mg/mL
leupeptin, 400 U/mL aprotinin, 1 mm microcystin]. After 10 min
on ice, the samples were centrifuged at 16 000 g for 15 min at
4°C. The total protein concentration in each lysate was deter-
mined using the Bio-Rad Protein Assay (Bio-Rad Laboratories,
Hercules, CA, USA). Equal amounts of total protein correspond-
ing to 25 pg/lane were resolved on denaturing 10% SDS-PAGE
gels and transferred to Hybond-P membranes (Amersham) by
electroblotting. Membranes were pre-treated with 5% BLOTTO
buffer and then incubated with primary antiserum in Tris-buffered
saline overnight at 4°C. The membranes were then washed,
treated with a secondary horseradish peroxidase (HRP)-labeled
donkey anti-rabbit antibody (1/4000) for 1 h, washed again and
incubated with HRP-streptavidin complex and ECL detection
reagents (Amersham). Membranes were exposed to ECL Hyper-
film (Amersham) and quantitative densitometric analysis was
performed using NIH Image. Each immunostained sample was
normalized against the corresponding actin signal. Actin stainings
were performed on the same membranes. Concentrations were
expressed as mean percentage £ SEM of the intact hippocampal
control mean values (100%). Statistical analysis was performed
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using one-way ANOVA followed by Dunnett’s multiple comparison
test.

Primary antisera

Anti-c-Fos (1:2000), anti-Zif268 (1 :2000), anti-C/EBPf (1 :4000)
anti-C/EBPS (1 :500), anti-GluR3 (1:2000), anti-BDNF (1 : 1000),
anti NT-3 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA); anti-GluR1 (1:2000), anti-GluR2 (1:2000), anti-actin
(1:2000; Chemicon, Temecula, CA, USA); and anti-cyclophilin
(1:2000; Upstate Biotechnology, Lake Placid, NY, USA).

Electrophysiological recordings

Four hundred-micrometer hippocampal slices were cut on a
Mcllwain tissue chopper or vibratome and incubated in oxygenated
ACSF for 360 min at 37°C or 29°C, as indicated. Slices were then
transferred to a submersion-type recording chamber and continually
perfused with 29-30°C ACSF at 2 mL/min. Synaptic responses
were evoked by stimulating Schaffer collaterals with 0.2-ms pulses
and then recorded extracellularly in the CAl stratum radiatum.
Baseline responses were obtained by stimulating at 0.033 Hz using
an intensity that yielded a half-maximal field potential (FP) slope.
Long-term potentiation (LTP) was induced after 15 min with four
0.1 Hz episodes of theta burst stimulation, using the same
stimulation intensity as for baseline. A single stimulation is
comprised of 10 stimulus trains delivered at 5 Hz, and each train
consists of four pulses at 100 Hz. Field potentials were simulta-
neously recorded in control slices and LTP slices in the same
recording chamber.

Results

Northern and Western blot time course analyses were
performed on rat hippocampal extracts to examine the
mRNA and protein levels of members from the following
classes of genes: (i) AMPA glutamate receptors — GluR1,
GluR2, and GluR3; (ii) transcription factors — c-fos, zif268,
C/EBPf;, and C/EBPd; (iii) neurotrophins — BDNF and NT-3;
(iv) housekeeping genes — cyclophilin and actin. Rat
hippocampi were dissected and either immediately frozen
(intact) or quickly sliced in ice-cold ACSF buffer. The sliced
hippocampi were either frozen at —80°C (0 min) or incuba-
ted at 37°C for 15, 30, 60, 120, 240 or 360 min. Independent
extractions were performed to analyze either total RNA or
protein as described in the Methods section.

Slicing results in a severe loss of GluR1 and GluR3 but
not GluR2 AMPA glutamate receptor subunits

Figure 1 and Table la depict the mRNA expression profiles
of the three AMPA receptor subunits GluRI, GluR2, and
GluR3 revealed by northern blot analysis over a 6-h post-
slicing time course. The same membrane was sequentially
hybridized with all three GluR probes and also re-hybridized
with probes specific for the housekeeping genes cyclophilin
and f-actin. The expression levels of housekeeping genes are
generally used as a loading reference since they likely reflect
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Fig. 1 Changes in GluR subunit mRNA levels following hippocampal
slice preparation. (a) Northern blot analyses of extracts from intact or
sliced hippocampi over a 6-h time course. Autoradiographs show
GluR1, GluR2, GIuR3, f-actin and cyclophilin mRNA levels of indi-
vidual hippocampi (n = 4 per group) that were either dissected and
frozen (intact) or sliced and incubated at 37°C in ACSF for the indi-
cated period of time. (b) Densitometric analysis of the northern blots
shown in (a). Significant increases compared to intact hippocampal
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levels in GIuR1, GluR2 and GIuR3 mRNA began at 60 min post-slicing
and remained significantly elevated for GIuR2 and GIuR3 at later
timepoints (indicated by asterisks). GIluR1T mRNA levels significantly
declined by 120 min. p-actin was used as a control probe for
normalization of all GIuR hybridizations. Data are expressed as mean
percentage + SEM of the intact (100%) control mean values. GIuR
subunit values were normalized against those of B-actin to account
for variations in gel loading.
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Table 1 GluR subunit mRNA and protein levels following hippocampal slicing
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Intact 0 min 15 min 30 min 60 min 120 min 240 min 360 min

a

mRNA

GluR1 100.0 101.6 96.4 83.5 157.6 59.0 54.9 16.9
+ SEM 9.6 3.8 8.1 10.9 21.3 11.6 71 4.6
p < 0.01 < 0.05 < 0.05 < 0.01

GluR2 100.0 106.6 90.2 103.8 310.4 220.6 208.8 126.7
+ SEM 12.7 8.4 6.1 11.6 28.2 29.0 26.6 28.3
p < 0.01 < 0.01 < 0.01

GIuR3 100.0 106.7 95.4 108.1 178.8 145.8 164.2 107.9
+ SEM 3.7 5.0 6.1 9.8 12.8 16.0 18.0 19.9
p < 0.01 < 0.01

b

protein

GluR1 100.0 98.7 88.4 60.4 45.9 37.4 19.0 14.5
+ SEM 8.2 2.8 2.1 4.8 5.8 7.6 1.6 2.3
P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

GluR2 100.0 106.7 108.0 100.9 113.0 114.0 127.9 114.3
+ SEM 6.5 3.1 4.1 7.9 5.2 5.4 10.7 13.1

GIuR3 100.0 106.5 110.5 107.4 102.3 53.6 38.3 30.8
+ SEM 8.5 8.6 9.9 9.4 11.7 2.1 3.2 2.6
p < 0.01 < 0.01 < 0.01

actin 100.0 108.5 109.1 112.3 98.6 112.4 95.1 97.4
+ SEM 4.2 2.3 71 2.1 4.2 4.7 9.1 8.1

cyclophilin 100.0 89.6 108.0 106.6 111.4 88.8 93.5 91.2
+ SEM 6.8 45 4.6 6.0 5.7 4.0 4.7 5.2

Concentrations are expressed as mean percentage + SEM of the intact hippocampal control mean values (100%). Hippocampi were either rapidly
dissected and immediately frozen (intact) or sliced with a tissue chopper and incubated at 37°C for the assigned timepoint. Statistical analyses
were performed using one-way anova followed by Dunnett’s multiple comparison tests.

the amount of total RNA present in each sample. Both
cyclophilin and f-actin appeared to decrease over time,
however, cyclophilin seemed to decay more rapidly. There-
fore, B-actin was chosen as a loading reference to which all
the other hybridizations were normalized. All three GIuR
subunits showed a detectable concentration in the intact
hippocampus (intact) that changed after slicing. All the GluR
subunit mRNAs moderately, but significantly increased at
60 min after slicing (157.6 £ 21.3%, 310.4 + 28.2% and
178.8 + 12.8% for GluR1, GluR2, and GIuR3, respectively)
compared to intact hippocampi, as shown in Table la. This
peak decreased at later timepoints with different slopes for
the various subunits. GluR! levels significantly decreased
starting at 120 min and continued to fall at later timepoints,
reaching a level of 16.9 +4.6% at 360 min. GuR2 and
GluR3 mRNAs remained elevated until 240 min and
returned to baseline at 360 min after slicing. A one-way
ANOVA revealed a significant main effect of time (F = 14.58,
p <0.0001 for GluRIl; F = 14.24, p < 0.0001 for GluR2;
F = 632, p<0.001 for G/uR3) and Dunnett’s post-hoc
comparisons confirmed that these changes were significant
compared to the control values (intact tissue; Table 1a).

In striking contrast to the mRNA concentration profile,
the levels of GluR1 and GIuR3 proteins following slicing
decreased dramatically over the 6-h time course, while the
levels of GluR2 remained unchanged (Fig. 2 and Table 1b).
A significant decrease of GluR1 was evident starting at
30 min after slicing (60.4 + 4.8%) compared to the expres-
sion levels of the intact hippocampi. GluR1 continued to
decline at later timepoints and reached its lowest level at
360 min post-slicing (14.5 + 2.3%). GluR3 was signifi-
cantly diminished at 120 min after slicing (53.6 £ 2.1%)
and reached its lowest concentration at 360 min
(30.8 +£2.6%). A one-way aNova revealed a significant
main effect of time (F = 47.55, p < 0.0001 for GluR1; F =
18.96, p <0.0001 for GluR3), and Dunnett’s post-hoc
comparisons confirmed that these decreases were significant
compared to the control values (intact tissue; Table 1b).
Unlike GluR1 and GIuR3, GluR2 protein did not show any
significant change throughout the entire time course (Fig. 2
and Table 1b).

We then determined the concentration of two housekeep-
ing proteins, cyclophilin and actin. Both cyclophilin and
actin levels remained stable across the 6-h time course
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(Table 1b). Thus, it appears that the loss of GluR1 and
GluR3 subunits is selective and not due to a non-specific,
general decline in protein levels as the expression of GluR2
and the two housekeeping genes remained unchanged
throughout the entire time course.

Although controversial (Watson ef al. 1997), some
authors have suggested that slices generated with a Mcll-
wain tissue chopper are more damaged than slices prepared
with a vibratome (Aitken et al. 1995). In addition, although
we incubated slices at 37°C in order to closely reproduce
physiological conditions, most of the electrophysiological
experiments that measure changes in synaptic plasticity are
performed at 29-30°C. To determine whether the changes
we observed were linked either to the slicing apparatus or
the temperature, or both, we repeated the slice preparations
using a vibratome and incubated the slices at 29°C. The
time course of this experiment included intact hippocampi
(intact) and sliced hippocampi incubated for 0, 60 and
360 min. We analyzed four hippocampi per condition and
determined the concentration of GluR1 with western blot
analysis. As shown in Fig. 3(a), a similar profile of GluR1
protein was detected in the preparations obtained with the
vibratome/29°C condition, compared to the tissue chopper/
37°C condition previously used. Immediately following
slicing (0 min), the concentration of GIluRl was
90.2 = 6.8% of intact control levels (100 + 5.4%). By
60 min, GluR1 levels decreased to 56.0 + 3.6%, and finally
reached 35.6 + 6.8% of intact levels at 360 min. A signi-

0
Intact 0 15 30 60 120 240 360

0
Intact 0 15 30 60 120 240 360

(a). GIuR1 protein steadily decreased
beginning at 30 min after slicing compared
to intact control values. GIuR3 protein levels
also decreased by 120 min post-slicing and
continued to decline at 240 and 360 min.
GIuR2 protein levels, however, did not sig-
nificantly change. Cyclophilin and actin
were stable throughout the 6-h time course.
All data are normalized against actin and
expressed as mean percentage + SEM of
the intact (100%) control mean values.

minutes

ficant main effect of time (F = 26.56, p <0.0001) was
revealed by a one-way ANova, and Dunnett’s post-hoc
comparisons confirmed that both decreases at 60 min
(» < 0.01) and 360 min (p < 0.01) were significant when
compared to control values (intact). In addition, also the
changes of both GluR2 and GIuR3 at 29°C were very
similar to those found at 37°C; GluR2 protein remained
stable, while GluR3 protein strongly decreased (data not
shown).

Finally, we determined whether the slices incubated at
37°Cl/tissue chopper or 29°C/vibratome for the 6-h time
course maintained their functional responsiveness. We com-
pared LTP at the Schaffer collateral CAl synapse in
hippocampal slices randomly chosen from both 360-min/
37°C and 360-min/29°C incubations. Four slices per condi-
tion were analyzed, and Fig. 3(b) shows the responses of one
representative slice under each condition. Four 0.1 Hz
episodes of theta burst stimulation elicited a strong and
stable potentiation in both slice preparations, which was
sustained for the entire time of testing (40 min). As expected,
under both conditions slices were viable, electrophysiolog-
ically responsive and exhibited plasticity following applica-
tion of a tetanus.

Transcription factors: uncoupled mRNA-protein
expression of c-fos, zif268, C/EBPf, and C/EBPo
A northern blot time course analysis was performed to
examine mRNA levels of four transcription factors: c-fos,
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Fig. 3 Hippocampal slices with decreased GluR1 subunits exhibit
normal synaptic plasticity in the CA1 region. (a) Western blot immu-
nostaining of extracts from intact or vibratome-sliced hippocampi (n =
4 per group) incubated at 29°C in ACSF for 0, 60 or 360 min. Signi-
ficant decreases in GIuR1 were evident at both 60 and 360 min
compared to intact control levels. All data are normalized against actin
and expressed as mean percentage + SEM of the intact (100%)
control mean values. (b) LTP induction in the CA1 region of hippo-
campal slices cut with either a tissue chopper (top) or vibratome
(bottom) and incubated for 360 min at 37°C or 29°C, respectively.
Simultaneous recording of field potentials in the tetanized (O) and
control (@) slices prepared using either method show normal induction
and maintenance of LTP. One representative experiment is shown for
each slicing/incubating condition. Arrow indicates time of tetanic sti-
mulation (15 min).

zif268, C/EBPf and C/EBPJ. The housekeeping genes
cyclophilin and f-actin were again used as control probes.
Autoradiographs and their corresponding densitometric ana-
lyses are shown in Fig. 4 and Table 2a. Slicing caused a
significant induction of all transcription factors at the mRNA
level, but not at the protein level.

The mRNA levels of the immediate early gene (IEG) c-fos
increased remarkably and steadily after slicing, reaching an
initial peak of 931.9 + 233.2% of control conditions (intact)
at 30 min and continued to increase to 2594.3 + 397.1% at
60 min and 4130.6 = 267.5% of control at 120 min. Induc-
tion was sustained until 360 min (7169.6 £ 660.0%). A one-
way ANova showed a main effect of time (F = 71.95,
p < 0.0001) and Dunnett’s post-hoc analysis revealed that all
timepoints starting from 60 min were significantly increased
over the control group (intact).
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Like c-fos, zif268 mRNA followed a similar induction
profile after slicing. Levels were increased starting at 30 min
(234.9 £ 25.4% of control) and continued to significantly
increase at 60 min (427.3 £ 50.0%), 120 min (666.7 +
16.0%), 240 min (784.8 + 84.7%) and at 360 min (983.3 +
149.4%)).

The C/EBP isoforms f and ¢ also exhibited significant
increases after slicing, although at a lesser degree and with a
different kinetic profile. While the induction of c-fos and zif
268 mRNA was relatively rapid, the increase of C/EBPf and
C/EBPo became significant at later time points, beginning at
120 min after slicing. C/EBPf increased to 144.5 + 14.8%
of control levels at 120 min, 203.8 = 17.3% at 240 min, and
273.7 £ 41.9% at 360 min. C/EBPS was elevated by
153.6 £ 17.8% of control levels at 120 min, 326.6 + 11.4%
at 240 min and 394.8 + 41.0% at 360 min. The same
membrane was hybridized sequentially with all transcription
factor and housekeeping gene probes. Again, f(-actin was
used as a reference control to normalize all the other
hybridizations. Thus, all four transcription factors were
significantly induced after slicing, although with different
kinetic profiles.

We then performed western blot analyses to determine the
corresponding protein levels for each transcription factor
throughout the time course. Autoradiographs and densito-
metric analyses are shown in Fig. 5 and Table 2b. The
expression profiles of the proteins along the time course did
not reflect the changes observed at the mRNA level. To the
contrary, protein levels remained stable or decreased over
time. c-Fos and Zif268 remained constant for the entire time
course. C/EBPP levels did not change significantly for
240 min after slicing, however, exhibited a significant
decrease of 61.6 + 8.6% at 360 min. C/EBPS protein levels
were only quantified for intact and 360 min sliced conditions
because this experiment needed to be carried out independ-
ently. In fact, the C/EBPS western blot was performed on
nuclear extracts because the anti-C/EBPS antiserum gave a
nearly undetectable signal in total cell lysates. Similar to
C/EBPJ, the concentration of C/EBPS dramatically dropped
at 360 min after slicing to a level of 17.0 £ 3.7% of control
(intact).

Changes in NT-3 and BDNF levels following
hippocampal slicing
As illustrated in Fig. 6 and Table 3a, levels of both 4.2 and
1.6 kb BDNF mRNA transcripts significantly increased
starting at 60 min post-slicing (253.3 £ 12.5% and
277.7 £ 7.5%, respectively). This increase was sustained
for the entire time course. In contrast, N7-3 mRNA levels
appeared stable up to 240 min, but significantly decreased to
45.1 + 5.6% of control levels at 360 min after slicing.

Both BDNF and NT-3 proteins remained stable throughout
the 6-h time course (Fig. 7 and Table 3b). Thus, like the
other classes of proteins, namely transcription factors and

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 81, 1348—1360



1354 S. M. Taubenfeld et al.
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GluR subunits, the mRNA induction of BDNF was not
coupled to an increase in corresponding protein levels.

Discussion

Our studies show that the expression levels of several classes
of mRNAs and proteins dramatically change following acute
slice preparation compared to the intact brain tissue. First,
while GIuRI, GIluR2 and GluR3 mRNAs significantly
increased beginning at 60 min after slicing, GluR1 and
GluR3 proteins dramatically diminished throughout the
entire time course. Unlike GluR1 and GIuR3, GluR2 protein
levels remained stable. This suggests that changes in the
composition of AMPA receptors may occur following slicing
and implies that the overall excitability and synaptic response
of a slice preparation may be profoundly and persistently
altered. Second, a remarkable induction of c-fos, zif 268,
C/EBPf5, C/EBP$ and BDNF mRNAs occurred after slicing.
The induction profile varied for each of these factors. Like
the GluR changes, none of these mRNA inductions corre-
lated with an increased expression of the corresponding
proteins. In fact, these proteins either decreased or remained
stable over time, indicating that slicing causes uncoupling of
mRNA and protein expression. Finally, N7-3 mRNA and
protein levels remained relatively constant throughout the

0
Intact0 15 30 60 120240 360
minutes

Fig. 4 c-fos, zif268, C/EBPS and C/EBPJ
mRNA levels are markedly induced follow-
ing hippocampal slicing. (a) Northern blot
time course analysis of extracts from intact
. or sliced hippocampi. The membrane was
sequentially hybridized with probes specific
for c-fos, zif268, C/EBPf, C/EBPS, [-actin
and cyclophilin. (b) Densitometric analysis
of the northern blot shown in (a). c-fos and
zif268 were significantly induced starting at
60 min, while C/EBPf and C/EBP signifi-
cantly increased starting at 240 min
(p < 0.01) post-slicing compared to intact
controls. f-actin was used as a reference
control probe for normalization. Data are
expressed as mean percentage + SEM of
the intact (100%) control mean values.
Each transcription factor densitometric
value was normalized to that of actin to
account for variations in gel loading.

entire time course. As expected, the housekeeping proteins
actin and cyclophilin appeared to be stable confirming that
the changes observed in the other classes of proteins were
selective.

These data together demonstrate a strong and persistent
change in the molecular metabolism of hippocampal
slices compared to the intact tissue. Our data do not
invalidate cellular and molecular studies performed with
slice preparations, rather they suggest the need for careful
interpretation of gene expression regulation results when
using the acute slice as a model to study physiological
responses. Persistent changes in slice preparation have also
been found at the morphological level. Kirov et al. (1999)
reported that slices have an increase in spines and synapses
number compared to the state in vivo, which becomes evident
within a couple of hours after preparing the slices and persist
for up to 13 h in vitro.

Profound loss of AMPA glutamate receptor proteins

The majority of the proteins analyzed exhibited stability
throughout the post-slicing time course. GluR1 and GIluR3
were the exception: they decreased dramatically starting at
30 min after slicing and continued to decrease further with
time. The mechanism underlying this decrease is unclear.
One possibility is that their synthesis is blocked. However,
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Intact 0 min 15 min 30 min 60 min 120 min 240 min 360 min

a

mRNA

c-fos 100.0 98.5 115.5 931.9 2594.3 4130.6 5832.5 7169.6
+ SEM 4.8 7.9 741 233.2 397.1 267.5 395.5 660.0
p < 0.01 < 0.01 < 0.01 < 0.01

zif268 100.0 89.5 104.8 234.9 427.3 666.7 784.8 983.3
+ SEM 16.1 11.3 13.7 254 50.0 16.0 84.7 149.4
p < 0.01 < 0.01 < 0.01 < 0.01

C/EBPS 100.0 80.8 70.0 78.9 84.4 144.5 203.8 273.7
+ SEM 10.9 8.4 8.1 7.9 5.9 14.8 17.3 41.9
p < 0.01 < 0.01

C/EBP3 100.0 95.9 69.1 78.9 81.6 153.6 326.6 394.8
+ SEM 4.4 6.8 3.9 15.8 11.5 17.8 11.4 41.0
p < 0.01 < 0.01

b

protein

c-Fos 100.0 104.8 114.4 98.7 104.2 100.2 103.7 92.8
+ SEM 11.6 6.9 1.3 4.6 6.5 1.1 1.9 9.4

Zif268 100.0 106.4 100.1 100.2 106.3 104.1 92.3 89.8
+ SEM 8.4 10.1 5.9 2.6 4.1 9.6 3.7 4.4

C/EBPS 100.0 94.4 104.9 95.9 85.0 84.6 71.3 61.6
+ SEM 3.4 4.3 4.1 11.0 14.7 10.4 8.9 8.6
p < 0.05

C/EBP3 100.0 17.0
+ SEM 10.6 3.7
p < 0.001

Concentrations are expressed as mean percentage + SEM of the intact hippocampal control mean values (100%). Hippocampi were either rapidly
dissected and immediately frozen (intact) or sliced with a tissue chopper and incubated at 37°C for the assigned timepoint. Statistical analyses
were performed using one-way anova followed by Dunnett’'s multiple comparison tests.

because the metabolic half-lives of GluR subunits have been
calculated to range from 20 to as long as 100 h (Huh and
Wenthold 1999; Kjoller and Diemer 2000), their post-slicing
decline may not be merely explained by a general mechanism
of protein synthesis inhibition. Thus, this rapid decrease may
also result from the activation of a fast and selective
degradation pathway. In contrast, GluR2 was protected from
such a rapid decrease, indicating that GluR2 subunits may
use degradation or targeting pathways distinct from those of
GluR1 and GIuR3.

The stability of the GIuR2 pool over that of GluR1 or
GluR3 after slicing indicates that this procedure may lead to
a change in the abundance of GluR2 subunits in surface
AMPA receptors and, consequently, a change in the AMPA
receptor-mediated excitotoxicity of the preparations. Perhaps,
as the presence of GluR2 in AMPA glutamate receptors
decreases their permeability to Ca”*, this modification may
represent a protective mechanism against cell death. It is
known, in fact, that Ca®" influx is a major player in injury-
induced cell death (Morley et al. 1994; Zipfel et al. 2000).

The magnitude of AMPA receptor subunit loss was similar
whether slices were incubated at the physiological tempera-

ture of 37°C or at 29°C, the temperature at which most acute
slice studies measuring electrophysiological responses are
performed. At both temperatures, despite the molecular
changes described, the slices appeared electrically viable and
electrophysiologically responsive. In fact, under both
temperature conditions, 6 h after slicing, tetanization pro-
duced LTP. Hence, in the acute slice preparation, LTP is
induced under an altered cellular and molecular state, very
different from that existing in vivo. In fact, as discussed
below, slicing also produces a large induction of several
mRNAs without an increase in their corresponding proteins.
These profound changes likely affect the physiological
metabolic state of hippocampal neurons.

Dissociation between mRNA and protein expression
levels

The procedure required to prepare an acute brain slice causes
profound injury and ischemia to the tissue. In fact, slices
have often been used as a model of ischemic damage (Lipton
and Wittingham 1979; Clark and Rothman 1987; Vornov and
Coyle 1991). Our results document that the injury inherent
in the procedure causes major changes in the mRNA
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Fig. 5 Expression profiles of c-Fos, Zif268,
C/EBPB and C/EBP& proteins following
hippocampal slicing. (a) Western blot time
course analysis of extracts from intact or
sliced hippocampi (n = 4 per group). Nuc-
lear extracts from intact and 360 min sliced
hippocampi were analyzed using anti-C/
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EBPS antiserum due to undetectable sig-
nals using total cell lysates. (b) Densito-
metric analysis of the western blots shown
in (a). c-Fos or Zif268 protein levels did not
significantly change over time following sli-
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concentrations of several classes of genes, including c-fos,
zif268, C/EBPf, C/EBPJ, GluRl, GluR2, GluR3 and BDNF.
These inductions, however, are not accompanied by increa-
ses in corresponding proteins, which appear to be stable or
decrease significantly throughout the time course.

Why is there a massive mRNA induction without a parallel
increase in proteins? One possible explanation is that a
general impairment of new protein synthesis results from the
severe injury produced by slicing. A large body of literature
reports that a persistent protein synthesis failure is a hallmark

of ischemic damage to neurons in the hippocampus. A
marked decline in the rate of protein synthesis has been
documented in models of brain injury, ischemia and hypoxia,
or in response to anoxia and glutamate in hippocampal slices
(Thilmann et al. 1986; Vornov and Coyle 1991; Hossmann
1993; Raley-Susman and Murata 1995; Lipton and Raley-
Susman 1999; Monje et al. 2000). Lipton and Raley-Susman
(1999) reported that protein synthesis rates in rat cortical
slices were an order of magnitude lower than those in vivo
(0.07% vs. 0.62% replacement of protein per hour). The

Fig. 6 BDNF and NT-3 mRNA expression
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time course following hippocampal slice
preparation. (a) Northern blot time course
analysis of extracts from intact or sliced
hippocampi (n = 4 per group). (b) Densito-
metric analysis of the northern blots shown
n (a). Both 4.2 and 1.6 kb BDNF transcripts
significantly increased beginning at 60 min
post-slicing compared to control level and
remained elevated for the entire time
course. NT-3 mRNA significantly increased
only at 360 min (p < 0.01) post-slicing.
p-actin was used as a reference control
probe for normalization. Data are
expressed as mean percentage + SEM of

minutes the intact (100%) control mean values.
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Table 3 Neurotrophin mRNA and protein levels following hippocampal slicing

Intact 0 min 15 min 30 min 60 min 120 min 240 min 360 min

a

mRNA

BDNF (4.2) 100.0 92.6 102.6 79.4 253.3 206.7 200.6 1622.2
+ SEM 11.4 13.2 5.2 14.4 12.5 12.2 10.5 15.1
p < 0.01 < 0.01 < 0.01 < 0.01

BDNF (1.6) 100.0 93.8 116.9 108.0 277.7 285.6 279.8 274.3
+ SEM 12.9 12.9 7.3 10.7 7.5 15.8 9.4 12.1
p < 0.01 < 0.01 < 0.01 < 0.01

NT-3 100.0 92.8 71.3 68.4 82.7 64.0 67.5 451
+ SEM 3.4 22.4 10.9 7.7 5.4 43 2.3 5.6
p < 0.01

b

protein

BDNF 100.0 94.0 111.3 108.7 106.8 119.0 119.6 115.2
+ SEM 12.0 9.0 6.1 4.3 13.3 8.8 8.0 2.6

NT-3 100.0 97.9 103.8 94.4 108.6 89.1 93.9 87.8
+ SEM 12.3 71 10.2 4.9 4.2 45 6.6 5.7

Concentrations are expressed as mean percentage + SEM of the intact hippocampal control mean values (100%). Hippocampi were either rapidly
dissected and immediately frozen (intact) or sliced with a tissue chopper and incubated at 37°C for the assigned timepoint. Statistical analyses
were performed using one-way anova followed by Dunnett’s multiple comparison tests.

mechanism by which protein synthesis is inhibited following
such stresses is still under investigation. However, it appears
that alteration of Ca®" homeostasis plays a major role
(Hossmann 1999; Paschen and Doutheil 1999) and that the
disruption occurs at the translational level due to selective
inhibition of polypeptide chain initiation (Hossmann 1993).
This agrees with our results reporting strong mRNA induc-
tion without protein increase. Another possibility, which is
not mutually exclusive with the former one, yet still
controversial because of its complexity (Feig and Lipton
1993; Djuricic et al. 1994; Raley-Susman and Barnes 1998),
is that the slicing-induced responses are mediated by
glutamate. We do not address this aspect in the present paper
and further experiments are required to test this hypothesis.

The hippocampus is known to be particularly sensitive to
injury/hypoxia; however, distinct hippocampal cell types
exhibit different levels of vulnerability to stress: neurons are
more susceptible to injury than glia, and CA1 neurons are the
most sensitive cell population. Thus, the slice should not be
considered as a preparation in which all the cells have an
impaired and irreversible protein synthesis disruption, but
rather a condition in which protein synthesis is largely
altered. Indeed, the injury-induced protein synthesis inhibi-
tion state can be reversed, and this reversibility correlates
with the degree of stress or ischemia (Sharp ef al. 1993;
Raley-Susman and Barnes 1998; Monje et al. 2000).

Similar to our findings, several authors have described an
uncoupled mRNA/protein induction following brain injury/

(a) . A
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— | — 1 L 1T 1 1 T 1
BONF e e o o i o o e
Fig. 7 BDNF and NT-3 protein levels NT-3 = = i o i - e - & - -
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sis of the western blots shown in (a). BDNF 5 100 100
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ischemia. Oorschot et al. (2000) showed that hypoxic—
ischemic brain injury in rat pups strongly induced c-fos
mRNA without an increase in Fos protein level. Kiessling
et al. (1993) found that transient global ischemia in the gerbil
hippocampus results in a remarkable increase in transcription
of both c-fos and zif268, which was not followed by
translation into protein in the vulnerable CAl neurons.
Instead, induction of protein was restricted to other neuronal
populations less vulnerable to brief ischemia. Likewise,
injury caused by treatment of neonatal rat cortical slices with
toxic concentrations of NMDA led to increased expression of
c-fos and hsp70 mRNAs without subsequent protein induc-
tion (Hasegawa et al. 1998).

One study, however, suggested that Fos and Jun proteins
are induced following slicing. Zhou et al. (1995) reported
that, in the brain slice preparation, mRNA induction of c-fos
and jun is paralleled by an increase in their corresponding
proteins. These protein elevations, however, were signifi-
cantly delayed compared to their mRNA inductions (des-
cribed at 1 h after slicing) and became evident only at 6 h.
An explanation for this finding may be that under these
experimental conditions inhibition of protein synthesis was
reversed at later time points. Indeed, the magnitude and
duration of the injury/hypoxia insult appear to be important
parameters for the correlation with the injury response.
Hughes et al. (1999) reported that in vivo hippocampal focal
injury correlates with an induction of zif268 at both mRNA
and protein levels. However, while induction of transcription
occurred immediately, peaked at 1 h, and returned to baseline
4 h following injury, protein expression was delayed and
reached its highest levels 2 h after injury. Similar conclusions
were drawn by several other authors (Nowak et al. 1993;
Takemoto et al. 1995; Tomimoto et al. 1999), which showed
that c-Fos and c-Jun were induced selectively in reversibly
but not in irreversibly damaged neurons.

On the other hand, although evidence shows that the process
of protein synthesis is inherently affected by injury/ischemia,
we cannot exclude that the absence of protein increase, despite
significant induction of mRNA, is only apparent. In fact, if
slicing induces protein degradation to an extent that over-
comes the rate of new protein synthesis, the result will be a net
decrease in the protein levels. Our studies cannot determine
whether increases or decreases in protein levels, despite
mRNA induction, are the result of protein synthesis inhibition,
increased protein degradation, or a combination of the two.
Similarly, the mRNA increases may be due to increased
mRNA synthesis, decreased degradation, or both.

Damage to death?

We investigated whether the profound molecular changes
produced by slicing were related to cell death. While it is
known that the superficial layers of brain slices are
profoundly damaged and show morphological features of
necrosis within a few hours post-slicing, it seems that the

inner layers of the tissue, if maintained under ‘healthy’
conditions, remain reasonably intact for several hours. In
agreement, our data suggest that slices are generally healthy;
in fact, during a 6-h time course, they show strong molecular
responses, including profound induction of mRNAs and
selective changes in the levels of certain proteins and, 6 h
post-slicing, LTP is normally induced. However, cell death
can also occur through a programmed process, known as
apoptosis, which requires a phase of gene expression. In
results not shown (unpublished data) we measured the
activation of caspase 3, a specific protease activated during
apoptosis (Martin and Green 1995; Tewari ef al. 1995;
Whyte and Even 1995; Takahashi and Earnshaw 1996).
Caspase 3 was present in its inactive form across the entire
time course of our experiment. These data were confirmed
by a second set of experiments that determined the presence
of DNA fragmentation, another hallmark of apoptosis
(McConkey et al. 1988). No evidence of nucleosomal
fragmentation was observed. These results suggested that
apoptosis did not occur within 6 h after hippocampal slicing.
Thus, we concluded that the molecular changes we found are
likely to occur in viable cells that are in the process of
responding to the injury and hypoxia produced by the slicing
procedure.
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