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Abstract: Goldfish were trained for 4 h to swim with an at-
tached polystyrene foam float and tested for retention 3 days
later. Intracerebroventricular injection of anti-ependymin
antisera was shown to prevent long-term memory forma-
tion of this vestibulomotor learning task, as reported pre-
viously. In further experiments, fish were killed 4—14 h after
the start of training. The brains were dissected, incubated in
an isoosmolar solution for collection of proteins of the brain
extracellular fluid (ECF), homogenized, and fractionated by
differential centrifugation. The ECF, a supernatant fraction
enriched in cytoplasmic constituents (S3), and various par-
ticulate subcellular fractions were analyzed for their epen-
dymin contents by radioimmunoassay. No statistically sig-
nificant changes that might be induced by the learning were
revealed in any of the particulate fractions. Steady-state
concentrations of ependymins in the cytoplasm, however,

increased temporarily by 39% in fish that had mastered the
training task as compared with nonlearning animals (pas-
sive and active controls). In the ECF, the specific concentra-
tion of ependymins first decreased to 88% of control levels
(4-5 h after the start of training), but later on, it increased
to 138% (8-14 h). Apparently, ependymins present in the
ECF are used during biochemical reactions of memory con-
solidation. The resulting decrease in extracellular epen-
dymin concentrations might trigger their resynthesis in the
cytoplasm and lead to an increased release of these glyco-
proteins into the ECF. Key Words: Memory and learning—
Goldfish brain proteins—Behavioral plasticity—CSF—
Protein synthesis—Extracellular glycoproteins. Schmidt R.
Changes in subcellular distribution of ependymins in gold-
fish brain induced by learning. J. Neurochem. 48, 1870-
1878 (1987).

Many investigations have demonstrated that mem-
ory consolidation can only proceed if protein biosyn-
thesis is undisturbed (for review, see Rosenzweig and
Bennett, 1976; Dunn, 1980; Agranoff, 1981; Rose,
1981; Shashoua, 1982; Shashoua and Schmidt, 1987).
Most studies were done either by intracranial injec-
tion of protein synthesis inhibitors after the acquisi-
tion phase of a new behavior or by administration of
radioactive amino acids as precursor molecules. So
far, however, only a few proteins have been identified
that increase in content after learning. One example
is tubulin after passive avoidance learning in the chick
(Mileusnic et al., 1980). Increased synthesis has also
been claimed for S-100 and the neuronal enolase 14-
3-2 in hippocampal pyramidal neurons of rat brain
after handedness reversal and passive avoidance con-
ditioning (Hydén and Lange, 1970a,b; Haglid et al.,
1975; Ronnback and Hydén, 1980) and was mea-
sured by radioimmunoassay techniques in the cortex,
brainstem, and medulla, but not in the cerebellum, of

rats after a T-maze performance task (Zomzely-Neu-
rath and Keller, 1977; for a critical review, see Zom-
zely-Neurath and Walker, 1980).

The synthesis of two goldfish glycoproteins, epen-
dymins 8 and v, is specifically enhanced when the ani-
mals learn to swim with an attached float (Shashoua,
1976). After the fish were subjected to this vestibulo-
motor training task (Shashoua and Moore, 1978) and
after classical conditioning in the shuttle-box
(Schmidt and Piront, 1985), anti-ependymin antisera
were injected into brain ventricles and found to pre-
vent memory consolidation. By radioimmunoassay
(Schmidt and Shashoua, 1981), ependymins were
shown to be characteristic constituents in the CNS of
untrained goldfish, enriched in the optic tectum, the
tegmentum, and vagal lobes (Schmidt and Lapp,
1987a). Ependymin-like immunoreactivity was also
encountered in other fish and in the rat hippocampus
(Schmidt et al., 1986). After subcellular fractionation
ofthe goldfish brain, relatively small amounts of epen-
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dymins were recovered in fractions enriched in cell
nuclei, mitochondria, synaptosomes, various mem-
branes, myelin, or microsomes. Ependymins are
mainly soluble cytoplasmic constituents (Schmidt
and Lapp, 1987b) but are secreted in cell cultures
(Majocha et al., 1982) and also in situ (Schmidt and
Lapp, 19874), observations suggesting that injected
anti-ependymin antisera might interfere with epen-
dymin molecules within the extracellular fluid (ECF).

The enhanced incorporation (59-72%) of radioac-
tive valine into ependymins after float training (Sha-
shoua, 1976) does not necessarily imply a higher
steady-state concentration. It could equally well result
from an accelerated turnover arising from the replen-
ishment of ependymin pools that had been depleted
during the training task. This is not unlikely, because
ependymin 3 is known to be proteolyzed to epen-
dymin v and smaller peptides in the ECF (Schmidt
and Shashoua, 1983). For determination of which is
the case, changes in the steady-state concentrations of
ependymins after the float training were analyzed
quantitatively by radioimmunoassay. Special atten-
tion was paid to the functional importance of secre-
tion of ependymins into the ECF during memory con-
solidation.

MATERIALS AND METHODS

Behavioral experiments

Goldfish (Carassius auratus) were kept in groups of 50
fish at 21°C in aerated 80-L tanks in the animal house for at
least 6 weeks before the experiments. Fish were trained to
swim with an attached float (Shashoua, 1968). This para-
digm imposes a difficult task on the animals, involving so-
matic and visceral afferences and motoric and vegetative re-
actions. It was designed to increase the chance of detecting
biochemical changes after learning. Furthermore, it has the
advantage of not involving any handling of the fish during
the training session. The disadvantage is that the float train-
ing cannot easily be compared with the associative learning
paradigms described in the psychologically oriented litera-
ture.

Although no seasonal variation in the behavior was ob-
served with fish kept at a constant 12-h light/dark cycle, all
experiments were performed between September and April,
as goldfish have been reported to learn better during the
winter season (Shashoua, 1973). One week before the train-
ing, groups of 10 fish were put into 15-L training tanks. Be-
cause fish are known to orientate by gravity and phototaxis
(see von Holst, 1970), the training tanks were illuminated
from above, and the sides were almost completely shielded
with black cardboard. The body weight, shape, and individ-
ual coloring of each fish were recorded. A numbered cylin-
drical float was prepared from polystyrene foam for each
fish, with a diameter of 10.5 mm, and a length, in mm,
equivalent to the fish’s weight (in g) minus 1 (thus, a goldfish
weighing 8.3 g received a float of 7.3 mm in length).

The fish were fed for the last time in the morning before
training 10 min after the onset of the light period in the ani-
mal house, and experiments were begun 50 min later. The
floats were sutured at the fishes’ ventral midline, 2 mm cau-
dal to the base of their pectoral fins. The fish were then re-

turned to the training tanks, and their performance was
scored according to the criteria recommended by Shashoua
(1973). With a range of 0-100% achievement of the vestibu-
lomotoric task, these criteria offer a reproducible scale with
an average accuracy of 6.6 + 1.6% with different observers.
The first behavioral score was assigned 10 min after attach-
ment of the float, because many fish exhibit unspecific es-
cape behavior during the first 5 min, which is not related to
their ability to adjust to the float. Thereafter, each fish was
observed every 30 min for 30 s. Four hours later, the floats
were removed; and fish were classified according to the im-
provement in their swimming performance. Those fish that
had improved their performance by =40% were assigned to
group L; those fish displaying changes of <15% were as-
signed to group PNL if their score at the beginning of train-
ing was <10%, but they were assigned to group ANL if it was
>50%. In the literature, these groups have been classified,
respectively, as learners, passive nonlearners, and active
nonlearners (Shashoua, 1976). It should be kept in mind,
however, that “learning” in this context is an operational
description for an observed behavioral change, which does
not necessarily imply the same mechanisms as associative
learning. To avoid confusion, therefore, we will use the non-
judgmental descriptions L, PNL, and ANL and defer any
interpretation to Discussion. In pilot experiments, fish not
falling into the defined groups were also analyzed biochemi-
cally, and they gave results intermediate (and more variable)
between those reported here for L and PNL. These data
were not included in the final evaluation.

Immediately after removal of the floats, the fish were re-
turned to their 80-L home tanks (not to the training tanks)
so that the stress exerted by the training environment, which
may interfere with long-term memory formation (for a de-
tailed discussion of this problem, see Davis and Agranoff,
1966; Agranoff et al., 1978), was reduced.

Injection of anti-ependymin antisera

Antisera against the immunogens ependymin 8, epen-
dymin v, or a mixture of both proteins were raised in rab-
bits. All new antisera obtained react almost identically with
ependymins 8 and v in the radioimmunoassay, irrespective
of the ependymin used as immunogen, as reported earlier
for other anti-ependymin antisera raised in Shashoua’s lab-
oratory (compare Schmidt and Shashoua, 1983). The avid-
ities of the antibody-antigen complexes, as determined by
Scatchard plot analyses, were also similar, but the antiserum
raised against the mixture of both immunogens had a three-
fold higher titer. Only in immunohistofluorescence experi-
ments with the embryonic hippocampus of the rat did they
exhibit slightly different staining characteristics (Schmidt et
al., 1986), which are possibly caused by differences in the
native conformations of the 8 and v proteins. Anti-epen-
dymin antisera do not cross-react with other goldfish brain
proteins. For control purposes, the specific anti-ependymin
antibodies were removed from the antisera by incubation
with the antigen (for details, see Schmidt and Shashoua,
1983). Preimmune sera from the same rabbits were used as
further controls.

A small hole was drilled into the skull of the goldfish (see
Schmidt and Lapp, 19874), and 10 ul of antiserum was in-
jected into the fourth brain ventricle 8 and 24 h after the
beginning of the float training. This procedure was shown in
preliminary experiments to give more reproducible results
than single injections of the antiserum. These experiments
were performed so that we could clearly establish whether



the new antisera used in our biochemical analyses recognize
the same proteins and have the same influence on the be-
havior as those used by Shashoua and Moore (1978). The
experiments were performed double-blind, i.e., the person
injecting the serum did not know whether antiserum or pre-
immune serum was being injected and the observer testing
the animals did not know with which serum the fish had
been injected.

Biochemical methods

At various intervals after training, the fish were anesthe-
tized by cooling in ice water for 10 min and decapitated.
All materials and methods used for subcellular fractionation
and quantification of marker enzymes, total protein, and
ependymins were exactly as described by Schmidt and Lapp
(1987b). In brief, five brains, from either L, PNL, ANL, or
untrained [naive (N)] fish, were pooled, extracted in isoos-
molar phosphate-buffered saline containing protease inhibi-
tors, homogenized, and separated by differential centrifuga-
tion to obtain the following fractions: ECF; homogenate; a
nuclear pellet fraction, P;; a crude synaptosomal fraction,
P,; a microsomal fraction, P3; and a cytoplasmic high-speed
supernatant fraction, S;. The contribution of subcellular or-
ganelles to these fractions was monitored by means of char-
acteristic marker substances and fine structural analysis
(Schmidt and Lapp, 19875b). The total protein content in the
fractions was determined using a modified Lowry proce-
dure. Ependymins 8 and ¥ were quantified using 4 specific
radioimmunoassay that is equally sensitive to both proteins
(Schmidt and Shashoua, 1981).

Relative ependymin concentrations in goldfish brain (as
a percentage of the total protein content) are neither a func-
tion of the fishes’ age nor of the season of the year (Schmidt
and Shashoua, 1981). The extractability of goldfish brain or
the distribution of subcellular particles, however, may
change with the age of the experimental animals and may
cause artifacts. Special care was taken, therefore, to assign
only fishes of matched body weight (0.2 g) to the groups
compared in the biochemical analyses.

The fish were coded before extraction and homogeniza-
tion, so that the person performing the subcellular fraction-
ation and the analytical determinations did not kriow which
grouips of fish were L, PNL, ANL, or N. Only after comple-
tion of all determinations and calculations was the code bro-
ken. Mean values are given with their SEM (from n experi-
ments). Significant differences were established using a two-
tailed ¢ test with corrections for unequal variances.

RESULTS

Effect of anti-ependymin antisera on memory
consolidation

Altogether, 1,220 goldfish were trained to swim
with the float. Of these, 21% were classified as L, 44%
as PNL, and 6% as ANL (Fig. 1). Twenty-nine percent
displayed an improvement during the training that
was intermediate between L and PNL, and they were
not included in the final evaluation. Five fish had to be
killed after intracerebroventricular injection, because
they displayed signs of vestibular injury.

The inhibitory effect of anti-ependymin antisera on
the retention of the task is summarized in Table 1.
Memory consolidation was blocked to the same ex-
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FIG. 1. Training goldfish to swim with an attached polystyrene
float. Six hundred forty-eight fish were trained and classified as
L, PNL, or ANL. Twenty L and 10 ANL fish were trained for 5 h,
instead of the standard procedure of 4 h, but they did not further
improve in their performance scores. Thirty L fish were tested 3
days later for their ability to recall the task (R).

tent by antisera raised against ependymin 3 or v. This
had been anticipated, as both antisera react with the
same antigenic determinants (see Materials and
Methods). On average, goldfish injected with anti-
ependymin antisera achieved retention scores of only
18%. Four types of controls were used (Table 1). (a)
Some fish were tested for retention without injection
of serum. Others were tested after injection of (b) pre-
immune serum from the same rabbits or (¢) an antise-
rum from which the specific anti-ependymin antibod-
ies had been removed. (d) A fourth group of goldfish
was trained (day 1) and tested for retention (day 4).
They were then injected with anti-ependymin antise-
rum on day 6, 1 h before a second test session. This
control was designed to prove that the antisera do not
interfere with the behavior once consolidated or with
the ability to swim with the float as such. Retention
scores for the control groups varied between 56% (d)
and 91% (a). The differences between fishes injected
with antisera and controls were highly significant (p
< 0.001). In two experiments, fish of groups PNL and
ANL were injected with antisera. The retention score
of group ANL was 105 + 17%, and group PNL had to
be classified again as PNL in the test session.

Changes in concentrations of ependymins induced by
training

The same anti-ependymin antisera were applied in
the behavioral experiments and in the radioimmuno-
assay measurements. Five fish brains were pooled for
each determination so that errors resulting from ran-
dom differences among individual animals were mini-
mized. In a first set of experiments, the time when the
fish were killed was not well defined, ranging from 5
to 8 h after the start of training. The total brain con-



TABLE 1. Effect of injected anti-ependymin antisera on memory consolidation

Day 1: training Day 4: test
Improvement of
behavior by Score at the end Score at 20 min Retention as % of
Injection of n training of training of testing training score
Anti-ependymin 8 20 60x5 646 14+4 22+8
Anti-ependymin y 20 57+5 735 14+4 19+5
Anti-ependymin (8 + v) 6 43+5 45+7 00 0+0
All experimentals 46 553 663 12+3 185
No injection 34 48+3 67+3 60+ 4 91+6
Preimmune serum 25 52+4 72+4 S0+6 69+ 8
Preabsorbed serum 14 47+5 60+3 43+ 4 72+9
Anti-ependymin* 15 62+7 82«5 45+7 56+7
All controls 88 S1+2 70+£2 533 75+ 4

Fish were trained to swim with a polystyrene float for 4 h on day 1. The floats were then removed. Group L fish were injected with antiserum
directed against ependymin 3, v, or a mixture of both immunogens (8 and ) or preimmune or preabsorbed serum at 8 and 24 h after the
beginning of the training and tested for retention 3 days later. The retention score at 20 min of testing on day 4 is expressed as a percentage of
the final performance score during training (last column). All antisera recognize the same antigenic determinants, but the antiserum raised
against the mixture of 8 and v had the highest titer. Mean values are from n tested animals. All differences between experimental and control

groups were highly significant (p < 0.001).

4 As a control, fish were trained on day 1 and tested for recall on day 4. Group L fish were then injected with anti-ependymin antiserum 1 h
before a second test session on day 6. For this group, the retention at 20 min of testing on day 6 is expressed as a percentage of the final score

on day 4.

tents of ependymins increased by 20% as compared
with the untrained (N) control fish (Table 2). The
brains were then extracted to obtain extracellular con-
stituents, homogenized, and fractionated by ultracen-
trifugation. The only pronounced change in the
steady-state concentration of ependymins was found
in the high-speed cytoplasmic supernatant fraction S,
(Table 2). The ependymin content in this fraction in-
creased by 39% (p = 0.1). No change rising above the
experimental variance was noticed in any of the par-
ticulate fractions (P;, nuclear; P,, synaptosomal; or

TABLE 2. Changes in ependymin concentrations

after float training
Subcellular Group N Group L Change
fraction (ug of ependymins/g wet weight) (%)
Totalbrain 1,945 +137(45) 2,334+ 376(18) 20.0
ECF 539 + 34 (25) 489 +77 (16) -9.3
P, 178 £45 (24) 193+£60 (15) 8.4
P, 88+ 16 (23) 101 £24 (15) 14.8
P 53+ 17 (25) 6021 (15) 13.2
S 1,062 + 102 (26) 1,481 +296(15) 394

Goldfish were trained for 4 h to swim with an attached float. Fish
that had mastered the adjustment to the float training were killed
1-4 h later (group L). Brains were extracted to collect ECF (five
brains per sample), homogenized, and separated by differential cen-
trifugation to isolate the following fractions: P, (nuclear), 1,000 g,
for 10 min; P, (crude synaptosomal), 17,000 g,, for 60 min; P; (mi-
crosomal), 170,000 g,, for 105 min; and S; (cytoplasmic). Epen-
dymin concentrations are compared with those of untrained con-
trols (group N). Data are mean + SEM values (no. of experiments).

P;, microsomal). In the ECF, a tendency toward lower
concentrations after training was noticed (—9%; Table
2). Because the variance of the trained animals was
much larger than that of the controls, it was decided
to study the time course of ependymin concentrations
after training and to concentrate on the fraction ex-
hibiting the largest change (S3).

Time course of increased ependymin levels after
training

Changes in the concentrations of ependymins in the
ECF and the cytoplasmic fraction S; were analyzed at
various times after the start of training. Twenty-five L
(five groups of five fish each) were compared with 25
PNL at each interval. In addition, 85 (17 times 5) un-
trained goldfish and 40 ANL were used as controls
(Tables 3 and 4). Only ECF and the cytoplasmic frac-
tion S; were prepared in these experiments so that
preparation was speeded up and unreproducible loss
of ependymins by proteolytic activities was mini-
mized.

The ependymin content in the cytoplasm rose from
1,089 to 1,455 ug/g of brain tissue (by 33.6%; p
< 0.02) within 4-5 h from the start of the float training
(Table 3). It can be seen from Table 3 that the increase
in steady-state concentrations of ependymins cannot
be explained by an acceleration in the overall rate of
protein biosynthesis, because the total protein content
in the cytoplasmic fraction remained constant. The
specific ependymin concentration reached a maxi-
mum at ~5.5 h (7.6% of the protein), remained high
for ~4 h, and then returned to control levels within



TABLE 3. Changes in ependymin concentrations in cytoplasm

Ependymins Protein Ependymins/protein
Group Time (h) n ug/g wet weight p mg/g wet weight p % (wt/wt) p
N 17 1,089 + 59 — 19.7+£0.7 — 55+£0.3 —_
L 4-5 5 1,455 + 187 <0.02 20.1 +0.7 —_ 72+0.8 <0.01
L 5-6 5 1,502 + 233 <0.02 19.9 0.6 — 7.6+1.2 <0.02
L 6-8 5 1,430 + 267 <0.1 20.1 £2.0 —_— 6.8+0.9 <0.1
L 8-10 5 980 + 195 —_ 187+2.5 — 5.2+0.7 —
L 4-10 20 1,342+ 113 <0.1 19.7+£0.8 — 6.7+0.5 <0.05
PNL 4-5 5 1,011 91 —_ 18.5+0.9 — 5.6+0.7 —
PNL 5-6 5 1,188 £ 194 — 21.6+0.9 —_ 55+0.8 —
PNL 6-8 5 1,063+ 113 — 21.7+£2.0 _— 50+04 —
PNL 8-10 5 932 + 169 _ 165+1.8 — 55+0.6 —
PNL 4-10 20 1,049 + 71 — 19.6 £ 0.8 — 54+0.3 —
ANL 4-10 8 1,287 £ 162 —_ 21718 — 58+0.3 —_

Goldfish were trained for 4 h to swim with a float and killed at various times after the beginning of the experiment. The absolute (ug/g wet
weight) as well as the specific (as percentage of total protein) ependymin concentrations in the cytoplasmic fraction S; of group L fish increased
significantly over those of untrained control animals (N). Ependymin concentrations of groups PNL and ANL did not differ from those of
controls (N). Three hundred twenty-five goldfish were used in this experiment, and brains were analyzed in groups, each pooled from five

brains. Data are mean + SEM values from n groups.

10 h from the beginning of the experiment (Fig. 2).
No significant changes were observed either in the cy-
toplasmic fraction of PNL fish killed after the same
intervals as L or in ANL fish.

In the ECF, ependymin concentrations decreased,
although not significantly, during the first 2 h after re-
moval of the floats, from 546 to 505 ug/g of brain tis-
sue (Table 4). At longer intervals after acquisition of
the task, however, ependymin concentrations in-
creased notably (by 33.7%; p < 0.005; Table 4). As
for the cytoplasmic fraction, the increase cannot be
explained by a general enhancement of the protein
turnover, but rather results from changes specific to
ependymins. The higher relative ependymin concen-
tration still persisted at 14 h after the start of training
(Fig. 3). Both PNL and ANL did not differ in their
ependymin contents in the ECF as compared with un-
trained controls.

DISCUSSION

Although the importance of undisturbed protein
biosynthesis for long-term memory formation has
been clearly demonstrated, the search for changes in
the concentrations of defined proteins has frequently
been compared with looking for a needle in a hay-
stack. The analysis is hampered by four factors: (a)
Only a few distinct proteins can be quantified. (b)
Learning has been considered a minor event in an ani-
mal’s life as compared with their other activities, such
as feeding, fighting, breeding, and the like. It has been
argued, therefore, that changes in protein concentra-

tions after learning will be small. (¢} The complex
morphological diversity of the brain might restrict the
changes to limited populations of cells, particular sub-
cellular organelles, or both. (d) The enthusiastic
search, in earlier decades, for specific polypeptides
that were believed to contain the learned information
in a coded form (similar to the ribonucleic acids) did
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FIG. 2. Increase in specific ependymin concentration in goldfish
brain cytoplasm after float training. Goldfish, classified according
to their adopted swimming skill as L (solid columns) or PNL, or
ANL (cross-hatched colurrins), are compared with group N fish
{open column). Five groups of five brains each from L fish and the
same number of brains from PNL fish were pooled at each of the
four intervals. They were extracted to collect the ECF (compare
Fig. 3), homogenized, and centrifuged for separation of a cy-
toplasmic supernatant fraction, S;. The specific ependymin con-
centration in this fraction was significantly higher between 4 and
6 hin group L relative to all other groups (**p < 0.01, *p < 0.02).
Data are mean = SEM (bars) from n independent samples.



TABLE 4. Changes in ependymin concentrations in ECF

Ependymins Protein Ependymins/protein
Group Time (h) n ug/g wet weight p mg/g wet weight p % (wt/wt) p
N 20 546 +20 3.4+0.1 16.2+0.8 —
L 4-5 5 507 + 40 — 3.6+0.3 — 144+1.0 —
L 5-6 5 504 +18 — 3.1+0.1 —_ 16.5+0.7 —
L 6-8 5 625+ 109 — 3.6+0.5 — 17.5+1.6 —
L 8-10 5 638 + 32 <0.02 3.0+0.2 — 23+1.4 <0.005
L 10-14 3 730 £ 38 <0.005 37+02 — 19.8+0.3 <0.001
L 4-14 23 594 + 30 — 33+0.1 —_ 18.0+£0.8 —
PNL 4-5 5 649 + 166 — 3.7+£03 — 16.6 £3.0 —
PNL 5-6 5 593 +53 — 33+£0.2 — 178+1.5 —
PNL 6-8 5 649 + 88 — 38+04 — 169+1.4 —
PNL 8-14 5 651 = 183 —_ 42+12 — 16.1+3.6 —
PNL 10-14 2 669 + 8 — 4304 — 15.6+0.4 —
PNL 4-14 22 639 + 56 —_ 3.8+0.3 — 169+ 1.1 —
ANL 4-14 8 581 +24 —_ 34+0.2 — 175+ 1.4 —

Goldfish were killed at the indicated times after the start of training and extracted to coilect ECF proteins. The absolute and relative
concentrations of ependymins in the ECF of group L first decreased and then increased significantly as compared with untrained controls (N).
Ependymin concentrations in groups PNL and ANL did not differ from those of controls. Three hundred sixty-five fish were used in this
experiment and analyzed in groups, each pooled from five brains. Data are mean + SEM values from n experiments.

not lead to conclusive results. On the other hand, (a)
radioimmunoassays offer the means for measurement
of even small differences in low concentrations. (b) Al-
terations in the amount of regulative biochemical fac-
tors during learning events might be as important as
the adjustment of glucose levels after feeding, to name
but one example. (¢) The anatomical organization of
the CNS may provide the necessary specificity for the
manifestation of plastic changes, whereas (d) chemical
signals, such as extracellular polypeptides, might act
on synaptic membranes as a message “to whom it
may concern” to consolidate exactly those neural cir-
cuits that had been “primed” by the preceding activity
during the acquisition phase of the new behavior.

Ependymins have been proposed (Shashoua, 1982)
as candidates for such tasks: They are specific to the
nervous system and display a very rapid turnover
(Schmidt and Lapp, 1987a). They are secreted into
the ECF (Majocha et al., 1982; Schmidt and Lapp,
1987b), and ependymin-like immunoreactivity has
also been demonstrated in pyramidal neurons of the
mammalian hippocampus (Schmidt et al., 1986) and
other structures of the limbic system (Shashoua,
1985). There is also some preliminary evidence that
ependymins are taken up by subcellular organelles re-
covered in the crude synaptosomal fraction (Schmidt
and Lapp, 1987h).

The increased synthesis of ependymins was first
demonstrated in a cytoplasmic fraction 1-4 h after the
float training by radioactive double-labeling, i.e., ex-
perimental animals were injected with [*H]valine,

whereas controls were injected with ['“C]valine.
Ependymin molecules were identified by their en-
hanced *H/'C ratio on electrophoresis gels (Sha-
shoua, 1976). Subsequently, enhanced incorporation
of radioactive precursor molecules was also shown in
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FIG. 3. Time course of ependymin concentrations in ECF after
float training. The specific ependymin concentrations in the ECF
of group L (solid columns) were determined at various times after
the start of training and compared with those of groups PNL
(cross-hatched columns) and N (open column). The ependymin
contents decreased first, before they increased significantly over
control values (**p < 0.005). Data are mean + SEM (bars) values
from n independent samples.



proteins of the ECF that migrated with the same
electrophoretic mobilities as ependymins and exhib-
ited similar immunodiffusion properties (Shashoua,
1979). These experiments cannot, however, differen-
tiate between increased synthesis and turnover and do
not allow any conclusion about quantitative changes
of the actual steady-state concentrations.

Ependymin concentrations in various subcellular
fractions were now measured by means of a specific
radioimmunoassay. The antisera used in the assay
had been prepared independently from those used in
the behavioral experiments of Shashoua and Moore
(1978), although by the same procedure (described by
Schmidt and Shashoua, 1981). Intracerebroventricu-
lar injections of the new antisera after the float train-
ing produced the same amnestic effect, and the earlier
observation (Shashoua and Moore, 1978) was con-
firmed that antisera are without influence, once con-
solidation of the new swimming skill has occurred.
Anti-ependymin-y antiserum was as potent as anti-3
(Table 1), as anticipated from the metabolic relation-
ship between these proteins. The new antisera also
cause amnesia of an associative learning task, the clas-
sical conditioning in the shuttle-box (Schmidt and
Piront, 1985; Schmidt, 1986).

Ependymin concentrations in a cytoplasmic frac-
tion derived from goldfish that had mastered the ad-
justment to the float training (group L) were high
compared with those of fish that did not improve their
performance (groups N, PNL, and ANL). A trivial ex-
planation would be that goldfish belong to two differ-
ent groups, one with high anabolic capacity, capable
of coping with the float, and the other characterized
by weak protein biosynthesis and unable to swim un-
der difficult conditions. If this were true, the float
training would work as a test to select the *“fit.” The
explanation is false, however, for four reasons: First,
the increase was specific to ependymins, whereas the
general protein content was unchanged (Table 3). Sec-
ond, ependymin concentrations of PNL fish were
equal to those of group N. Third, the ANL fish swam
well, in spite of a low ependymin concentration (Ta-
ble 3). Fourth, the increase in level of cytoplasmic
ependymins of group L was time dependent. Qualita-
tively similar results have been obtained for the in-
creased incorporation of radioactive valine into epen-
dymins (Shashoua, 1976). The time courses were also
identical for the incorporation of valine, ependymin
concentrations in the cytoplasm (this study), and
changes in the synthesis of mRNA after the float train-
ing (Shashoua, 1974).

The increase in the specific concentration of epen-
dyminsin fraction S; (38%; Table 3), however, did not
correspond quantitatively to the enhancement of va-
line incorporation (59-72%; Shashoua, 1976), and no
quantitative correlation was obtained between the in-
crease in ependymin concentrations and the degree of
learning (R. Schmidt, unpublished data). This raises

the crucial question, inherent in all correlative studies
on memory, whether the changes observed are func-
tional for memory consolidation or concomitants of
the animals’ activity during training (Rose, 1981).
The mechanical work done during the float swim-
ming behavior by ANL fish, however, is presumably
larger compared with that of L fish. Thus, the amount
of work can hardly be responsible for the observed
changes. Still, ependymin concentrations might be in-
dicative of some other correlate of training, such as
stress, to mention but one example. Nevertheless, the
interference of anti-ependymin antisera with memory
consolidation after the float training and the shuttle-
box training (Schmidt and Piront, 1985; Schmidt,
1986) proves that the biochemical change is, at least,
not an incidental one, but a necessary one (as, e.g.,
recovery from stress might well be).

The results reported here do not imply that the bio-
chemical changes observed are specific to ependym-
ins. The concentrations of many distinct proteins may
change after learning (compare, e.g., tubulin; Mileus-
nic et al., 1980), and ependymins are but one class
of characteristic constituents of the CNS that can be
measured quantitatively. Second, the results do not
imply that ependymins serve only the specific func-
tion of consolidating long-term memory, but they
seem to be involved in one of the biochemical reac-
tions that have to proceed after learning. Certainly,
the same molecules may also participate in other reac-
tions in the CNS.

In the cytoplasm, the rate of synthesis increased
more than the steady-state concentration (see above),
an observation suggesting that ependymins are used
and metabolized during learning. The notion is fa-
vored by the observation that ependymins are se-
creted and proteolyzed. In the ECF, the ependymin
concentration even decreased before it rose above
control levels. One possible explanation is that the
ECF and CSF serve as drainage devices for clearing
the CNS of metabolites that have completed their
physiological function. The inhibitory effect of the an-
tisera administered into the brain ventricles, on the
other hand, might indicate that ependymins exert
their action from the ECF.

Only recently has the ECF been recognized as an
important compartment of the nervous system. Ex-
tracellular glycoproteins and peptide factors, such as
nerve growth factor and the ciliary neuronotrophic
factor, regulate cellular survival, growth, intercellular
adhesion, and differentiation (for references, see
Harper and Thoenen, 1980; Varon and Adler, 1981;
Unsicker, 1986). The protein concentration of gold-
fish ECF is almost as high as that of soluble cytoplasm
(Shashoua, 1981), and ependymins are obviously ma-
jor constituents of this compartment (Schmidt and
Lapp, 1987a). Possibly the temporary decrease in
level of extracellular ependymins after the acquisition
is caused by their interaction with neuronal mem-



branes, although we did not succeed in obtaining di-
rect evidence for incorporation of ependymins into
membranes or organelles recovered in the crude syn-
aptosomal fraction (see also Schmidt and Lapp,
1987h). The decreased extracellular concentration
might serve as a signal indicating a demand for these
glycoproteins, which then, in turn, activates their syn-
thesis. The approach of molecular genetics will help
in determining whether the increased expression of
ependymins after learning results from an enhanced
efficiency in the transcription, translation, and/or sta-
bilization of a previously translated message.

The biochemical reactions of ependymins are still
open to speculation. The observations, made inde-
pendently, that ependymins bind Ca®** (Schmidt,
1985, 1986) and that they aggregate in the absence of
calcium (Shashoua, 1985) might give a clue as to their
mode of action. By means of ion-selective electrodes,
the extracellular calcium concentration has been
found to decrease in cortical areas exposed to the co-
operative interaction between specific and modula-
tory input systems during adaptive changes (Singer,
1987). Similarly, Krnjevic et al. (1982) have reported
a fall in extracellular calcium concentrations in the
pyramidal cell layer after fimbrial-commissural stim-
ulation of the rat hippocampus. Such alterations in
extracellular calcium concentrations might influence
the binding properties and the distribution of epen-
dymins, possibly guiding their interaction with cell
membranes.
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