
R

M
p

E
T
a

b

c

d

a

A
R
R
1
A

K
A
M
S
P
H

1

n
a
t
l
m
g
w

i
t
t
e
a
t

0
d

Behavioural Brain Research 219 (2011) 63–67

Contents lists available at ScienceDirect

Behavioural Brain Research

journa l homepage: www.e lsev ier .com/ locate /bbr

esearch report

emory impairment in rats by hippocampal administration of the serine
rotease subtilisin

dgar Kornisiuka, Marina Snitcofskya, Carlos Blancoa, Alan L. Harveyb,
revor W. Stonec,∗,1, Diana Jerusalinskya,d,1

Instituto de Biología Celular & Neurociencias “Prof Eduardo De Robertis”, Facultad de Medicina, University of Buenos Aires and CONICET, Buenos Aires, Argentina
Institute of Pharmacy and Biological Sciences, University of Strathclyde, Glasgow G4 0NR, UK
Institute of Neuroscience and Psychology, University of Glasgow, West Medical Building, Glasgow G12 8QQ, UK
CBC, Universidad de Buenos Aires, Buenos Aires, Argentina

r t i c l e i n f o

rticle history:
eceived 21 October 2010
eceived in revised form
3 December 2010
ccepted 16 December 2010

eywords:
voidance

a b s t r a c t

Since the serine protease subtilisin has been reported to generate a novel form of long-term depression
(LTD) in rat hippocampal slices, the present work was designed to determine whether it has any effect on
learning and memory processes. Rats were used to examine the effects of subtilisin, injected directly into
the dorsal hippocampus, on task performance in a step-through inhibitory avoidance of a mild footshock.
The administration of 100 ng of subtilisin into each hippocampus, immediately after training, was suffi-
cient to induce a detectable learning deficit with a footshock stimulus of 0.5 mA. Higher doses produced
dose-related impairments in memory consolidation. These effects were not the result of irreversible tox-
icity, since rats trained with a higher amplitude footshock (0.75 mA) were able to perform as control
emory

ubtilisin
roteases
ippocampus

animals; therefore, the amnesic effect was not further evident. Furthermore, the administration of sub-
tilisin before avoidance training did not produce any detectable effect on performance during the training
or test sessions, indicating that neither acquisition nor consolidation was affected. It is concluded that the
post-training administration of a serine protease inhibitor is able to produce robust deficits of memory
consolidation consistent with its ability to generate LTD, raising the possibility that related molecules

r pat
could play physiological o

. Introduction

In addition to the wide range of small molecules which affect
euronal plasticity in the central nervous system (CNS) by acting on
mino acid or amine receptors, several large molecules, usually pro-
ein, have also been shown to induce or modulate the processes of
ong-term potentiation (LTP) or long-term depression (LTD). These

acromolecules include serine proteases such as tissue plasmino-
en activator (tPA) [1], neuropsin [2–5] and neurotrypsin [6], all of
hich are known to be present in brain.

Both LTP and LTD have been linked with specific aspects of learn-
ng and memory processing, LTD being associated particularly with
he exploration and familiarisation of novel environments [7]. It is

herefore of interest to an understanding of these plastic phenom-
na that we have shown a form of LTD that can be produced by
novel serine protease, cadeprin, and by the closely related bac-

erial protease, subtilisin [8]. Since it is well established that CNS
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proteases can alter neuronal excitability, cell viability, and cellu-
lar morphology [9,10] and that altered expression or mutations
in some of these enzymes may be associated with Alzheimer’s
disease [11] or schizophrenia [12], we have now sought to deter-
mine whether subtilisin has any modulatory influence on a learning
paradigm in rodents.

2. Materials and methods

2.1. Animals and surgical procedures

Experiments with rats were performed in strict accordance with the Review
Committee of the Veterinary School (CICUAL), University of Buenos Aires and the
International Brain Research Organization (IBRO), and are in compliance with the
U.S. National Institutes of Health Guide for Care and Use of Laboratory Animals (pub-
lication no. 85-23, revised 1985) and the European Communities Council Directive
of 24 November 1986 (86/609/EEC).

Male Wistar rats weighing 180–250 g from our own breeding colony were
housed six in a cage, under a 12-h light/dark cycle at 25 ◦C, with water and food

available ad libitum. The animals were anesthetized by a ketamine–xylazine mix-
ture (75 mg/kg and 10 mg/kg ip, respectively), and were bilaterally implanted with
27-gauge guide cannulae, positioned 2.00 mm above the CA1 region of the dor-
sal hippocampus at coordinates: AP: −4.3 mm; LL: ±4.0 mm; DV: −1.2 mm, from
bregma [13]. The number of animals used is indicated in the legends to the figures
of results.

dx.doi.org/10.1016/j.bbr.2010.12.027
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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Fig. 1. Bar diagrams representing the latencies of entry to the dark compartment of a light–dark box shock-conditioned avoidance paradigm. Latencies are shown for control
and treated rats. (median with interquartile ranges; TR: training session; TEST: test session; DIF: differences between test and training sessions). Panels are shown for
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reatment with subtilisin at a dose of (A) 100 ng, (B) 300 ng, (C) 1.5 �g, (D) 3 �g in
p < 0.05, Wilcoxon signed rank test after Kruskal–Wallis ANOVA for non-parametric
ruskal–Wallis ANOVA for non-parametric samples). In (A) controls: n = 11, treate
ontrols: n = 12, treated: n = 12.

.2. Behavioural tasks

.2.1. Step-through inhibitory avoidance task
Since rats are intrinsically nocturnal animals preferring darkness, they will nor-

ally step-through from a lighted compartment to a dark one when an intervening
oor is opened. The administration of a mild foot-shock once the animal gets into the
ark area was used to train rats to remain for longer periods in the light compartment
y inhibiting a spontaneous preference.

.2.1.1. Apparatus. The apparatus consists of a two-compartment box,
ne section with light and the other without. The dark compartment
30 cm wide × 30 cm long × 40 cm high) had black acrylic walls. The lighted
ompartment (15 cm wide × 20 cm long × 40 cm high) had white acrylic walls
xcept for one which was transparent. A lamp of white light (40 W) was centrally
ositioned 30 cm above the floor of the lighted compartment. Between the two
ompartments there was a rectangular opening that could be closed by an opaque,
ertically sliding door. The floors of both chambers were made of bronze rods of
.00 mm in diameter, set 0.5 cm apart. The grid floor could be electrified.

.2.1.2. Acquisition trial (training). The animal was placed in the lighted compart-
ent facing the wall opposite to the door and 10 s later the vertical door was opened.

ntrance latency to the dark compartment was recorded when all four paws had
een placed inside the dark compartment. As the animal spontaneously moved into
he dark compartment, the door was closed, and a mild electrical foot-shock (0.5

r 0.75 mA, as indicated in Section 3) was applied for 5 s. Training session was then
erminated, the rat was removed from the dark compartment, bilaterally injected
hrough the cannulae and returned to its home cage.

.2.1.3. Retention trial (test). Retention was tested 24 h after the acquisition trial. In
he test session, each rat was placed in the lighted compartment, as for the initial
into each hippocampus. * significant difference relative to the training latencies
les). # significant difference relative to controls (p < 0.05, Mann–Whitney test after
3; in (B) controls: n = 12, treated = 11; in (C) controls: n = 12, treated n = 13; in (D)

acquisition training, and 10 s later the vertical door was raised. The test latency was
then recorded until the animal got into the dark compartment (up to a maximum
of 300 s). If the rat did not go into the dark compartment within a 300 s period,
the retention test was terminated and a ceiling score of 300 s was assigned. The
difference between retention (test) and acquisition (training) latencies is considered
as a measure of retention performance.

The results are expressed as the median of latencies measured before an ani-
mal enters the darkened box, with values shown for control animals (injected with
vehicle) in their training session (TR control) and in the test session (TEST con-
trol), and the difference between these latencies (DIF control). Similarly, values are
shown for animals used for subtilisin treatment in their training session (TR treated)
and the test session (TEST treated), and the difference between these (DIF treated)
(Figs. 1 and 2).

2.2.2. Open field test of locomotor and exploratory activities
To evaluate the possible effect of subtilisin upon locomotor activity and/or

exploratory behaviour, the compound was administered into the dorsal hippocam-
pus as described above, and 5 min later the rats were allowed to freely explore an
open square field (measuring 60.0 cm long × 40.0 cm wide × 50.0 cm high) for 2 min
(training). The floor of this arena was divided into 12 sectors of 15.0 cm × 13.3 cm
each, and the number of rearings, groomings and crossings from one sector to
another were counted in the initial training session and in the test session, per-
formed 24 h later.

The results are expressed as the medians of the number of crossings or rearings
by animals previously injected with vehicle (TR control and TEST control) or with

subtilisin (TR treated and TEST treated) (Fig. 3).

2.3. Pharmacological treatment

Animals were injected bilaterally through the dorsal hippocampal cannulae with
subtilisin A using the doses indicated in Section 3, administered in a volume of
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Fig. 2. Bar diagrams representing the latencies of entry to the dark compartment of a
light–dark box shock-conditioned avoidance paradigm. Latencies are shown for con-
trol and treated rats. (median with interquartile ranges; TR: training session; TEST:
test session; DIF: differences between test and training sessions). Panels are shown
for treatment with subtilisin at a dose of 6 �g injected into each hippocampus with
a footshock stimulus of (A) 0.5 mA and (B) 0.75 mA. * significant difference relative
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o the training latencies (p < 0.05, Wilcoxon signed rank test after Kruskal–Wallis
NOVA for non-parametric samples). # significant difference relative to controls

p < 0.05, Mann–Whitney test after Kruskal–Wallis ANOVA for non-parametric sam-
les). In (A) controls: n = 12, treated: n = 13; in (B) controls: n = 13, treated = 15.

�l per side for 2 min. Injections were made 10 min before (open field task) or
mmediately after (step-through inhibitory avoidance task) the acquisition trial,
s indicated in Section 3. Control animals were injected with the same volume of
ehicle (0.9% saline). In one experiment of inhibitory avoidance task, subtilisin was
njected 15 min before the acquisition trial.

.4. Statistics

Test latencies were compared with training latencies using the Wilcoxon signed
ank test, after a Kruskal–Wallis ANOVA for non-parametric samples, using p < 0.05
s the criterion for significance. Test-training difference in latencies were analysed
ith respect to saline control differencies using the Mann–Whitney test, after a
ruskal–Wallis ANOVA for non-parametric samples, also using p < 0.05 as the cri-

erion for significance. In the open field exploration task groups were compared by
sing Student’s t test.

. Results
.1. Step-through inhibitory avoidance task

At the lowest dose of subtilisin used, 30 ng per hippocampus,
oth control and treated groups showed significant differences
etween test and training latencies, indicating that the animals
in Research 219 (2011) 63–67 65

learned and remembered the avoidance task (p < 0.05; controls
n = 11; treated n = 13), and that subtilisin at this dose would not
interfere with the learning or retrieval processes (median with
[25,75] interquartile ranges of test-training latencies subtraction:
for control animals, 288.2 s [132,296.4]; for treated rats, 91.65 s
[9.89, 281.2]).

At the higher doses of 100 ng (Fig. 1A) or 300 ng (Fig. 1B)
subtilisin per hippocampus, both treated animals (n = 13 and 11,
respectively) and control animals (n = 11 and 12, respectively)
showed statistically significant differences between the test and
training latencies. This implies that both groups learned the task.
However, there were also significant differences between control
and treated groups when comparing the result of subtraction of
test-training latencies, indicating that memory was significantly
impaired in subtilisin-treated animals.

Higher doses of 1.5 �g (Fig. 1C) or 3 �g (Fig. 1D) subtilisin per
hippocampus fully blocked the expression of inhibitory avoid-
ance memory, leading to an apparent complete amnesia for the
trained task. Control animals (n = 12 and 12, respectively) showed
significant differences between test and training latencies, con-
sistent with their learning and remembering of the task. In
contrast, there were no significant differences between test and
training latencies for the treated animals (n = 13 and 12, respec-
tively) suggesting that they did not remember the avoidance
task.

In order to examine the effects of increasing the strength of the
avoidance foot-shock, an assay was also performed using 6 �g of
subtilisin per hippocampus. As for the previous experiments, the
median of test and training latencies at a 0.5 mA foot-shock (Fig. 2A)
were significantly different for control animals (n = 12) confirming
that they learned and remembered the task. On the other hand,
medians of test and training latencies in the treated animals (n = 13)
were not significantly different, showing that they appeared to be
amnesic and would not remember the task. However, when the
foot-shock strength was increased to 0.75 mA, a different pattern of
responses emerged in which the increased stimulus overcame any
deleterious or blocking effect of the protease. Both control (n = 13)
and treated animals (n = 15) showed that the medians of their test
and training latencies were significantly different (Fig. 2B), imply-
ing that animals in both groups were now able to remember the
avoidance training.

In order to examine possible effects on acquisition session, rats
were injected with 10 �g of subtilisin, 15 min before the train-
ing session, using a 0.5 mA foot-shock. Both control and treated
groups learned the task, without significant differences between
them, indicating that at this dose subtilisin did not seem to interfere
with the learning or retrieval processes (test-training latencies for
control rats:45.1 s [9.8, 282.9]; for treated rats:23.65 [8.44–267.8];
median [interquartile ranges]). The same dose of subtilisin (10 �g),
when injected post-training, resulted in apparent amnesia (test-
training latencies for control rats:275.1 [185.1–291.6]; for treated
animals:12.2 [7.0–27.45]; median [interquartile ranges], p < 0.05; n
controls = 14; n treated = 12).

3.2. Locomotor and exploratory activity

In the open field exploration test, the number of crossings was
significantly lower in the test session compared to the training ses-
sion for the control group, indicating habituation of the animals
to the open field arena. In those animals injected with subtilisin
(300 ng per hippocampus) before the first exposure to the open

field (training session), the number of crossings in the second ses-
sion (test session 24 h later) was not significantly different from
that of the first session; therefore, there was no evidence of habit-
uation in this group (Fig. 3A). Although the number of crossings in
the training session appeared to be lower for treated (n = 13) com-
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ig. 3. Bar diagrams summarizing the number of times in a 2 min period, that an
or control and treated rats. Subtilisin was injected at a dose of 300 ng into each h
ession). * significant differences relative to training session (p < 0.05, Student’s pai
test). Controls: n = 13; treated: n = 13.

ared to control rats (n = 13), there were no significant differences
etween them.

There were significant differences between control and treated
roups in the number of rearings in the training session (Fig. 3B),
ndicating less exploratory activity in the subtilisin-treated ani-

als. However, there was no change in the number of grooming
pisodes (not shown).

.3. Side effects

Some miscellaneous effects were noted in some of the rats
fter administration of subtilisin, including intense head shaking
mmediately after injection, lasting for a few seconds, immobility

nd hyporeflexia starting about 30 s after injection and lasting for
–2 min, and signs of bleeding from the injection cannula (Table 1).
ost mortem examination of the animals showed that some of them
ad experienced a subdural hemorrhage and hematoma around the

nfusion site, at doses of 1.5, 6 and 10 �g. However, there was no

able 1
ide effects observed after injection of several doses of subtilisin into dorsal hip-
ocampus of rats.

Dose (�g/side) na Shakeb Immobilityc Bleedingd Hemorrhagee

0.03 13 2 6 2 0
0.10 13 0 0 0 0
0.30 13 3 7 3 0
1.50 13 3 10 0 2
3.00 12 5 6 4 0
6.00 28 8 7 5 2

10.00 26 7 9 12 3

a n: number of animals treated with each dose.
b Shake: intense head shaking immediately after injection, lasting a few seconds.
c Immobility: mild lethargy and hyporeflexia (slower or absent accommodation

eflex in an horizontal surface) starting about 30 seconds after injection and lasting
or less than two minutes.

d Bleeding: signs of bleeding from the injection cannula, immediately after injec-
ion.

e Hemorrhage: subdural hemorrhage and hematoma around infusion site in post-
ortem examination.
cross into new sectors of an open-field arena (A) and the number of rearings (B)
mpus 5 min before training session. (mean ± SEM; TR: training session; TEST: test

est). # significant differences relative to control group (p < 0.05, Student’s unpaired

clear relationship between the occurrence of these side effects and
the animals’ behaviour or responses to subtilisin. It is most prob-
able, therefore, that they reflect non-specific effects of a protease
administration but are not effects that are likely to have interfered
with the memory paradigms being examined.

4. Discussion

The step-through avoidance task represents one of the sim-
pler experimental paradigms in the study of learning processes. Its
value has been well-established in a wide range of experimental
conditions, although recent evidence suggests that some phar-
macological differences are demonstrable using relatively minor
variations in the experimental equipment or design [14]. Because of
this, it is vital to consider which control groups would be appropri-
ate to test pharmacological effects in this and similar one-step tasks
which are mediated by the hippocampus [15]. Since the absolute
values are modified by minor changes in equipment, experimental
design, individual variability in animal behaviour, seasonal vari-
ations, etc., it is obligatory to use reference groups without drug
administration to compare these control groups between them, to
be considered as the experimental population. Besides the nec-
essary dose–response assays, it is useful and also necessary to
compare different shock intensities to investigate the activity of
the compound, as well as choosing the adequate moment/period
for drug administration, to discriminate the affected process.

There were no significant differences between training laten-
cies for all the groups of animals used in this study. Hence, all the
rats behaved in a rather comparable way. Similarly, although pre-
training injected rats seemed to have a low performance in the
avoidance task, there were not significant differences in test laten-
cies for control groups.
The bilateral, intrahippocampal, administration of subtilisin at
doses of 100 ng or greater, injected immediately post-training, had
clear effects on memory parameters when a footshock of 0.5 mA
amplitude was used. The effects produced with this post-training
paradigm of subtilisin administration would be consistent with
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mpairments in memory consolidation, as it begins immediately
fter or during acquisition and lasts for several hours. Since subtil-
sin has already been found by us to produce LTD in hippocampal
lices [8], the results suggest that LTD, rather than LTP, may bear
strong functional relevance to consolidation in this experimental

ituation of step-through avoidance.
When the strength of the deterrent footshock was increased

y 50%, the training schedule was strong enough to overcome the
mnesic effect and to prevent any significant change in memory
onsolidation by subtilisin. This result is crucially important as
t shows that subtilisin has not generated a non-specific or irre-
ersible toxic effect in the hippocampus, but has merely expressed
ts activity in the learning protocol to a degree which can be
vercome by a greater sensory motivation. It is feasible that this
appened in much the same way that a competitive antagonist can
e displaced from a receptor site by increased concentrations of a
ompeting agonist and/or by recruiting more synapses/circuits.

When a pre-training intra-hippocampal administration of sub-
ilisin was examined for comparison, there was no evidence of an
mpairment in learning behaviour during the training session, or in

emory performance in the test session. This is also an important
ontrol experiment indicating that the effect of subtilisin is exerted
n the consolidation of memory rather than on the acquisition of
he task. This result also suggests that the subtilisin effect did not
ast until the consolidation was taking place, as performance of the
ats was not different from saline-injected animals.

The effect of subtilisin on performance in the exploration of the
pen field arena, suggests that the depression of hippocampal func-
ion was also able to give rise to a minor exploratory activity and
oss of habituation. This would be entirely consistent with the idea
hat hippocampal learning is a major contributor to the spatial com-
onents of this phenomenon, and would therefore be expected to
irror the results obtained in the avoidance paradigm.
As reviewed in Section 1, there is ample evidence for responses

o a number of serine proteases on brain function, including hip-
ocampal plasticity and learning behaviour. There are also reports

ndicating potential pathological roles for these enzymes in dis-
rders of brain function. The over- or under-expression of serine
roteases or their inhibitors in brain can affect neuronal excitabil-

ty or viability [10]. Some studies suggest that altered expression or

utations of endogenous proteases may contribute to Alzheimer’s

isease [11], schizophrenia [12] or some forms of mental retarda-
ion [16]. The present results strengthen the view that physiological
ituations, or pathological conditions, which increase the produc-
ion of serine proteases, may have deleterious effects on cognitive

[

[

in Research 219 (2011) 63–67 67

processes. Since subtilisin is a major secretory product of many
environmental and commensal bacteria, it may contribute to
abnormal neural function during and following infections with
these organisms.
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