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» Strong overall startle habituation is associated with superior memory retention.
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Prepulse inhibition (PPI) of the acoustic startle reflex refers to the attenuation of the startle response to an
intense pulse stimulus when it is shortly preceded by a weak non-startling prepulse stimulus. It is a well-
established high-throughput translational measure of pre-attentive sensory gating, and its impairment
is detected in several neuropsychiatric diseases including schizophrenia. It has been hypothesized that
PPI might be associated with, or predictive of, cognitive deficiency in such diseases, and therefore provide
an efficient assay for screening drugs with potential pro-cognitive efficacy. Free from any predetermined

’C(Zé‘;l"i‘;irg;: disease model, the present study evaluated in a homogeneous cohort of inbred C57BL/6 mice the presence
Correlation of a statistical link between PPI expression and cognitive performance. Performance indices in a spatial
Individual difference reference memory test and a working memory test conducted in the Morris water maze, and contextual
Learning fear conditioning were correlated against pre-existing baseline PPl expression. A specific correlative link

between working memory and PPl induced by weak (but not strong) prepulse was revealed. In addition,
a correlation between habituation of the startle reflex and reference memory was identified for the first
time: a stronger overt habituation effect was associated with superior spatial search accuracy. The PPI
paradigm thus provides two independent predictors of dissociable cognitive traits in normal C57BL/6
mice; and they might serve as potential markers for high-throughput evaluation of potential cognitive
enhancers, especially in the context of schizophrenia where deficits in startle habituation and PPI co-exist.

Prepulse inhibition
Schizophrenia
Sensorimotor gating
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1. Introduction

Prepulse inhibition (PPI) of the acoustic startle reflex refers to
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stimulus when it is shortly preceded by a weak non-startling ‘pre-
pulse’ stimulus [14,35]. PPI represents an automatic pre-attentive
gating mechanism protecting the processing of the initial prepulse
from distraction by the subsequent pulse stimulus, and its expres-
sion is modulated by higher cognitive processes [37]. A potential
link between PPI and higher cognitive function has been proposed
such that a stronger magnitude of PPI might be associated with,
or predictive of, superior cognitive performance [19,42]. Such a


dx.doi.org/10.1016/j.bbr.2012.12.011
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:byee@downneurobiology.org
dx.doi.org/10.1016/j.bbr.2012.12.011

P. Singer et al. / Behavioural Brain Research 242 (2013) 166-177 167

relationship is also suggested by clinical populations including
patients with schizophrenia in which PPI deficits and cognitive
impairments frequently co-exist [39,80]. Thus far, evidence for a
potential link between PPI and cognition in the general popula-
tion is weak and inconsistent [80]. Nevertheless, recent studies
in healthy volunteers found that PPI was positively correlated
with strategy formation, planning efficiency, and execution speed
in cognitive tasks from the Cambridge Neuropsychological Test
Automated Battery (CANTAB) [9,10,16,31], and working memory
performance as measured by the Letter-Number Span Task [47].

Because PPI is readily translatable across species and can be
tested in similar fashions in humans and rodents, the PPI paradigm
has increasingly been applied as a test of face validity for animal
models of neuropsychiatric diseases characterized by abnormal
sensorimotor gating, notably schizophrenia amongst other dis-
eases [28,69]. Whilst a number of manipulations are known to
similarly affect PPI and cognitive function in animals [34,79], the
relationship between PPI expression and cognitive performance
in non-perturbed healthy animals remains poorly understood. We
have previously reported that in placebo-treated healthy volun-
teers, weak PPI expression correlated with poor strategy score
on the spatial working memory test from the CANTAB [16]. As
a translational parallel, the present study aims to evaluate in a
homogeneous cohort of adult C57BL/6 mice whether PPl expression
might statistically predict performance in typical tests of learning
and memory in rodents including spatial reference and working
memory in the Morris water maze and contextual fear condition-
ing in the conditioned freezing paradigm. Cognitive assays were
performed after evaluation of PPI so that PPI was measured free
from any possible transfer effects [e.g., 43].

Beside PPI, another robust form of startle plasticity is habitu-
ation [18,24,71], referring to the cross-species phenomenon that
repeated presentations of the startling stimulus lead to a decrease
in the startle magnitude [38]. According to the dual-process theory
by Groves and Thompson [38], changes in the observed behavioural
response to repeated presentations of a sensory stimulus is gov-
erned by two independent and antagonistic neural mechanisms:
a decremental process termed “habituation process” leading to
decreased responding, and an incremental process termed “sen-
sitization process” potentiating the response magnitude. It is
presently uncertain whether a link exists between startle habitua-
tion as a simple form of non-associative learning and more complex
memory processes. However, such an association might be antic-
ipated in hippocampus-dependent tasks such as spatial reference
memory or contextual conditioning given the critical involvement
of the hippocampus in habituation processes [48,54,74]. Further-
more, spatial learning and habituation - amongst other behaviours
- have been found to be similarly sensitive to manipulations of
the dopaminergic and glutamatergic systems [3,5-7,22,40,48,51],
suggesting the possibility of at least a partial overlap in the under-
lying neural mechanism. Dopaminergic dysfunction in particular
has been central to theories on the neuropsychology of schizophre-
nia [37,44,67], and habituation deficits have been repeatedly
reported in schizophrenia patients [12,13,21,26,55] including first
episode schizophrenics [49,50]. Notwithstanding, deficiency in glu-
tamatergic neurotransmission-also implicated in schizophrenia -
including signalling via NMDA, AMPA and metabotropic glutamate
(mGlu) receptors, have been linked to PPI disruption [11,26,57,73]
and habituation deficits [6,7,45,62]. The present study therefore
included an overall measure of within-session startle habitua-
tion as a variable to be correlated with cognitive performance.
This has enabled us to identify a hitherto unreported correlative
link between startle habituation and reference memory perfor-
mance in mice. Following this new lead, we further employed
a between-group approach to directly contrast animals showing
overt habituation against those showing overt sensitization to

Table 1
Sequence and timing of behavioural tests performed in the same
cohort of adult male C57BL/6 mice.

Days  Tests Manipulations / procedures
1-14 Acclimatization to new animal vivarium

15 Prepulse inhibition (PPI) Acoustic startle reflex
16-20 Free period

21 Pre-training

22 Acquisition

23 | Reference Memory Test Acquisition

24 Watermaze (in Room 1) Acquisition

25 Acquisition

26 Probe Test

27-34 Free period

35 Delay =155

36 Delay =155

37 Delay =15s

38 | Working Memory Test Delay =155

39 Watermaze (in Room 2) Delay = 10 min

40 Delay = 10 min

4 Delay = 10 min

2 Delay =10 min

43 -48 Free period

49 Conditioning

50 Retention Test (context A)
51 Context Conditioned Freezing  Test (in neutral context B)
52 Retention Test (context A)
53 Test (in neutral context B)

better define the relationship between reference memory perfor-
mance and startle habituation/sensitization [38].

2. Materials and methods
2.1. Subjects

A cohort of 23 naive male C57BL/6 mice was obtained from our in-house specific
pathogen free colony derived from C57BL/6] breeding pairs originating from Charles
River (Germany). At the start of the experiments, the animals were 12 weeks old.
They were housed in groups of 4-5 in Macrolon Type III cages (Techniplast, Milan,
Italy) with ad lib. food and water throughout the entire experimental period. They
were held in a temperature controlled room (21 °C), with relative humidity set at
55%, and kept under a reversed 12:12 h light/dark cycle (lights off: 07:00-19:00 h).
All tests were conducted in the dark phase of the cycle. Sufficient time (indicated as
‘free period’) was allowed between tests to minimize transfer effects as depicted in
Table 1. All procedures described in the present study had been previously approved
by the Zurich Cantonal Veterinary Office, in adherence to the “Principles of Labora-
tory Animal Care” (NIH publication No. 86-23, revised 1985). All efforts were made
to minimize the number of animals used and their potential suffering.

2.2. Prepulse inhibition of acoustic startle reflex

2.2.1. Apparatus
The apparatus consisted of four acoustic startle chambers for mice (SR-LAB, San
Diego Instruments, San Diego, CA, USA) as fully described elsewhere [76].

2.2.2. Procedure

During a PPI session, the subjects were presented with a series of discrete tri-
als comprising a mixture of four types of trials. These included pulse-alone trials,
prepulse-plus-pulse trials, prepulse-alone trials, and no-stimulus trials in which no
discrete stimulus other than the constant background noise (65 dB,) was presented.
The pulse stimulus was 120 dB, in intensity and 40 ms in duration. Five different pre-
pulse intensities were used: 69, 73, 77, 81, and 85 dB,, corresponding to 4, 8, 12, 16,
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and 20dB units above background, respectively. The duration of prepulse stimuli
was 20 ms. The stimulus onset asynchrony (SOA) between the prepulse and pulse
stimuli on prepulse-plus-pulse trials was 100 ms, which was equivalent to an inter-
stimulus interval (ISI) of 80 ms. A session began with the animals being placed into
the Plexiglas enclosure. They were acclimatized to the apparatus for 2 min before
the first trial began. The first six trials consisted of startle-alone trials, which served
to habituate and stabilize the animals’ startle response. Subsequently, the animals
were presented with twelve blocks of discrete test trials. Each block consisted of one
trial of each of the following trial types: pulse-alone, prepulse-plus-pulse of each of
the five levels of prepulse, prepulse-alone of each of the five levels of prepulse, and
no-stimulus. The session was concluded with a final block of six consecutive pulse-
alone trials. The interval between successive trials (i.e., inter-trial interval, ITI) was
variable with a mean of 15 s (ranging from 10 to 205s).

Vibrations of the Plexiglas enclosure caused by the whole-body startle response
of the animal were converted into analogue signals by a piezoelectric unit
attached to the platform. These signals were digitized and stored by a com-
puter. A total of 130 readings were taken at 0.5-ms intervals (i.e., spanning
across 65ms), starting at the onset of the startle stimulus in pulse-alone and
prepulse-plus-pulse trials, and at the onset of the prepulse stimulus in prepulse-
alone trials. The average amplitude (in arbitrary units) over the 65ms was
used to index reactivity. PPl obtained at each prepulse intensity was indexed
by percent PPI (%PPI) calculated as %PPI=(1 — (prepulse-plus-pulse/pulse-alone)) x
100%.

2.3. Spatial reference and working memory in the Morris water maze

2.3.1. Apparatus

The water maze consisted of a circular fibreglass tank, 102 cm in diameter and
36.cm deep [see 65 for a full description of its construction]. A transparent Plex-
iglas cylinder (diameter=7cm) was used as the escape platform, with its surface
submerged 0.5 cm below the water surface and therefore invisible to the mice. The
location of the platform was marked by a local cue in the form of a white circular disk
(measuring 12 cm in diameter) positioned horizontally at a height of 12 cm above
the centre of the platform. A digital camera was installed above the water maze to
record the animals’ swim path in every trial. The Ethovision tracking system (Noldus,
Wageningen, The Netherlands) was used to calculate the two dependent measures,
escape latency and path-length, on each and every trial. The two water maze exper-
iments were conducted in two different rooms (Room 1 and Room 2), each enriched
with a unique set of distal spatial cues. The reference memory test was conducted
first in Room 1. The working memory test took place in Room 2 after a test-free
recovery period of 1 week.

2.3.2. Pre-training

To familiarize the animals to the apparatus and to swimming in the maze they
were pre-trained using a visible platform. The platform was positioned in the centre
of the maze and each animal underwent two consecutive trials, with the starting
positions randomly selected from four possible release points (N, E, S, and W). In
the first trial, the subject was gently released from the starting point with its head
facing the platform location. In the second trial, it was released from the starting
point facing the wall of the maze. The animals were allowed a maximum of 60s
to locate the escape platform. Upon reaching the platform they spent an inter-trial
interval (ITI) of 15s on it before the second trial commenced. If an animal failed to
locate the platform within the 60 s time limit, it was guided to it by the experimenter
and allowed to stay on it for 15s. In that case, a maximal escape latency of 60 s was
recorded.

2.3.3. Reference memory

On days 1-4 the animals were given two trials per day with the hidden platform
located in a constant position in the centre of one of the four possible quadrants
(NE, NW, SE, and SW). To start a trial, the animal was always released from one
of four possible starting points (N, E, S, and W) with its head facing the wall of the
maze. The starting positions were randomized across trials and days for each mouse.
As previously, when an animal failed to locate the platform within the time limit
of 60s, it was guided to it. The ITI was 15s during which the animals stayed on
the platform. On day 5, a probe test was conducted to assess memory retention.
During the probe test, the platform was removed, and the mice were allowed to
swim freely in the maze for 60s. Each animal’s search pattern was analysed by
calculating the percentage of time and percentage of path length spent in each of
the four quadrants.

2.3.4. Working memory

This lasted 8 days with two trials per day. The hidden platform was now placed in
anew position each day and remained in that position for both daily trials. Working
memory was indexed by the improvement on Trial 2 compared with Trial 1 when
the platform location was unknown to the animals. After 4 days of testing with an
ITI of 155, the ITI was extended to 10 min for the next 4 training days. Over the
extended ITI, the mice were kept in an opaque waiting box in the testing room.
Eight platform positions were defined: 4 located at a distance of 35cm (in the N, E, S
and W directions), and another 4 at a distance of 15 cm (in the NE, NW, SE, and SW
directions) from the centre of the maze. The start position was randomized across

trials and days from eight possible release points (N, E, S, W, NE, NW, SE, and SW)
for each mouse.

2.4. Contextual conditioning in the conditioned freezing paradigm

2.4.1. Apparatus

The apparatus has been fully described before [58]. In brief, two sets of four con-
ditioning chambers installed in separate testing rooms were used to provide two
distinct contexts. The first set of chambers (context ‘A’) comprised four Coulbourn
Instruments (Allentown, PA, USA) operant chambers (Model E10-10). The second
set of chambers (context ‘B’) comprised four cylindrical (19 cm in diameter) enclo-
sures made of clear Plexiglas resting on a metal mesh floor. [llumination inside the
chamber was provided by either a visible light (context ‘A’) or an invisible infrared
light source (context ‘B’). A digital camera was mounted in each chamber and cap-
tured images at a rate of 1Hz. The algorithm of the freezing response detection
procedure has been validated and fully described before [60]. In brief, successive
digitized images obtained at a rate of 1Hz were compared. The number of pixels
difference between adjacent frames was then computed. If this was less than 0.05%
of the total number of pixels in a frame, the animal was considered to be freezing in
that 1-s interval.

2.4.2. Procedure

The test comprised three stages: (i) conditioning to context ‘A’, (ii) assessment
of conditioned response to the shocked context ‘A’ and (iii) evaluation of freezing
behaviour in the neutral (non-shocked) context ‘B’. On day 1, the animals received
three un-signalled electrical foot shocks (1s, set at 0.3 mA) in context ‘A’. The first
shock-delivery was administered 180s after placing the animals into the cham-
bers. Successive shocks deliveries were administered every 180s. The conditioning
session was concluded with a final shock-free 180-s interval. On day 2, all mice were
returned to context ‘A’. They were placed in the chambers for 240 s and freezing lev-
els were recorded in the absence of any further stimulus. On day 3, mice were given
a similar 240s test session in the neutral context ‘B’. A similar ‘A’-‘B’ test block was
conducted on days 4 and 5, respectively.

2.5. Statistical analysis

All data were analysed by parametric analysis of variance (ANOVA). To assist
interpretation of statistically significant outcomes, supplementary restricted analy-
ses applied to subsets of the data or Fisher’s least significance difference (LSD) post
hoc comparisons were conducted. All statistical analyses were carried out using
IBM SPSS Statistics (version 19). A Type-I error rate (p-value) of 0.05 was consis-
tently taken as the yardstick for statistical significance. To better conform to the
homogeneity and normality assumptions of parametric ANOVA a natural logarith-
mic data transformation was performed on the reactivity scores obtained in the PPI
experiment [16].

Pearson’s product moment correlations were conducted to evaluate possible
associations between specific behavioural indexes obtained in the PPI experiment
and performance indexes from the three cognitive tests (as defined below and
graphically summarized in Fig. 1). All correlations were scrutinized by case-wise
diagnostics to identify data points with possible undue statistical influence that
might bias interpretation and limit generalization of our conclusion [17]. To this
end, inspection of scatter plot was assisted with computation of individual Cook’s
distance (D;) as a measure of influence. Cases with D; >the median of the Fy,n.p)
distribution (where p=number of parameters =2 for simple linear regression, and
N =total number of data points) was recommended as a yardstick for exclusion and
re-analysis [52]. Additional diagnostic statistics reported by IBM SPSS Statistics:
standardized DFBeta’s and standardized DFFit, were also consulted. The process
was repeated if necessary. When applicable and instructive, the correlative out-
comes and regression lines with and without exclusions are graphically illustrated
to allow clear visualization of the impact of the identified data points with excessive
influence.

2.5.1. PPI-related predictor variables

PPI: The five %PPI scores (generated by different levels of prepulse intensity: 69,

73,77,81 and 85 dB) were evaluated separately as predictor of subsequent cogni-

tive performance. Examination of inter-correlation between %PPI scores obtained

across different prepulse intensities justified this approach instead of a single

summary average score to index PPI. As illustrated in Fig. 1C, PPI generated by the

weakest prepulse did not correlate well with that obtained with stronger prepulse

stimuli.

Startle reaction: mean startle reactivity on pulse-alone trials presented in the

middle block of trials.

Startle habituation: difference score from the first to the last block of pulse-alone

trials, i.e., (first-last). Thus, a positive value indicates habituation and a negative

value sensitization.

® Prepulse-elicited reactivity: the linear derivative (slope) of the prepulse reactivity
curve shown in Fig. 1A over the range from background to 85-dB prepulse. The
indexation of prepulse reactivity by the slope was justified by the fact that the
main effect of prepulse intensity was associated with a highly significant linear
trend (p <0.001) accounting for >90% of the variance.
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Fig. 1. Summary of all behavioural data. (A) Reactivity on background (‘BG’), prepulse-alone (69, 73, 77, 82, 85dB,) and pulse-alone (120 dB,) trials. (B) %PPI as a function
of increasing prepulse intensity. (C) Shared variance between %PPI obtained with different prepulse intensities is indicated here by R? and represented also by the intensity
of shading connecting every pair-wise correlation. (D) Startle reaction on the first and last blocks of pulse-alone trials. (E) Acquisition of reference memory as indicated by a
decrease in escape latency across trials [F 22)=23.66, p<0.001] and days [F(366) = 15.87, p<0.001]. (F) %Time spent in each of the four quadrants during the probe test. The
animals exhibited a clear search preference for the target quadrant [F3 gs) =29.96, p <0.001]. * denotes that performance was significantly above chance level (25%) based on
one-sample t-tests (p <0.005). (G) Working memory performance was indexed by an improvement from Trial 1 to Trial 2 [F(; 22)=23.77, p<0.001] which was seen at both
delay conditions but appeared weaker at the extended delay. (H) Development of the conditioned freezing response was reflected by a highly significant increase in percent
time freeing across the three post-shock intervals [F; 42) = 26.26, p <0.001], that was primarily linear in shape [F(121)=37.44, p<0.001] accounting for 99.96% of the variance
of the post-shock intervals effect. (I) Expression of contextual fear conditioning was demonstrated by significantly higher freezing levels in the shocked context ‘A’ (days 1
and 3) relative to the neutral (non-shocked) context ‘B’ (days 2 and 4) [F(; 21)=19.97, p<0.001]. All values refer to mean + standard error (SE). N=23 except for data shown
in (H) and (I) where N=22.

2.5.2. Cognitive dependent variables ® Retention: expression of conditioned freezing to the training context 24 h after
2.5.2.1. Reference memory. acquisition was indexed by the percent time freezing recorded in the first re-
exposure test when the animals were returned to context ‘A’ (indicated as ‘A/1" in

e Escape performance in acquisition = average escape latency (or path-length) across Fig. 11) without any shock US.

trials 2-8. The first trial was excluded here because the location of the platform
was not yet known to the animals on that trial).

e Search accuracy in retention probe test = percentage of time (or path-length) in the
target quadrant (tQ).

3. Results

3.1. Summary of behavioural results

2.5.2.2. Working memory. .. .
The group average performance indices derived from the PPI
® A saving score was calculated as the reduction in escape latency (or path-length) experiment ar? summarlzed in Fig. 1A-D. The relevant cognitive
from Trial 1 to Trial 2 averaged across delays and days (Fig. 1G). measures obtained in the subsequent cognitive assays performed
inthe same animals are illustrated in Fig. 1E-1. The data depicted are
averaged over the 23 subjects, except for the conditioned freezing
experiment (Fig. 1H and I), in which the sample size was reduced to
® Acquisition: indexation of acquisition was based on the increase of % time freezing 22due tO.the loss of one animal’s data because of a tEChmcal_fallure
over the three successive post-shock intervals (Fig. 1H). This was represented on the critical test day. The overall patterns of results obtained in

statistically by the within-subject effect of post-shock intervals [F(.42) =26.26, individual tests are highly consistent with expectation and our past
p<0.001]. Since this statistical effect was primarily expressed as a linear incre- experience.

ment over successive post-shock intervals, as evidenced by the fact that the

linear component of the post-shock intervals [F 21)=37.44, p<0.001] explained

over 99.96% of the variance (i.e., sum of squares) partitioned to the post-shock 32. PPlasa predictor ofworking memory performance

intervals effect, we elected to calculate the linear component of individual

animals’ acquisition curve across the three post-shock intervals to index acqui- PPI emereed only as a potential sienificant predictor of work
sition. This is equivalent to the slope of the least-square line fitted across the g y p & p

three post-shock intervals, which would be in the units of % time freezing per ing memory performance (Fig. 2A). This is in sharp contrast to the
interval. absence of any statistical link with performance in the reference

2.5.2.3. Conditioned freezing.
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77dB -0.01 -0.05 -0.17 -0.20 +0.34 +0.29 +0.17 +0.15
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Fig. 2. PPI predicts working memory performance. (A) Correlation matrix between individual %PPI scores obtained at each of the five prepulse intensities (69-85 dB) against
distinct performance scores derived from the three cognitive tests. Amongst the correlation coefficients illustrated, only that between %PPI obtained with 69-dB prepulse
stimulus and working memory performance achieved statistical significance. Below, the levels of significance and linear regression lines between %PPI obtained with 69-dB
prepulse stimulus (abscissa) and saving scores (represented by the ordinate) in escape latency (B) or path-length (C) from Trial 1 to Trial 2 are illustrated. The depicted
correlations in (B) and (C) are relatively free from potential outliers with maximum Cook’s distance of the illustrated correlations were 0.27 and 0.14, respectively.

memory test or contextual conditioned freezing. Specifically, sav-
ing scores, defined as reduction in escape latency or path-length
from the first trial (when platform location was not known) to the
second trial, correlated specifically with %PPI obtained with the
weakest prepulse here at 69 dB (Fig. 2B and C). The effect sizes of
the two correlations were similar, accounting for about 25-28% of
the variance. Stepwise multiple regressions with all five %PPI scores
entered as predictors at the same time similarly indicated that the
%PPI score obtained in the 69-dB prepulse condition was the only
significant predictor.

When the working memory performances at the two delay con-
ditions were separately investigated, we found that the correlative
link with PPI was more pronounced at the shorter delay. The cor-
relation remained significant at p <0.05 [r=0.41-0.42, df=21] at
the shorter delay, but not so at the long delay. The latter might be
due to weaker learning observed with the extended delay condition
(see Fig. 1G), thus the working memory scores might be somewhat
more noisy and thereby limited the statistical power to detect the
link between the two behavioural traits.

3.3. Startle habituation as a predictor of reference memory
performance

Initial analyses revealed seemingly contradictory correlative
relationships between startle habituation and reference memory

performance (Fig. 3A). Whilst stronger habituation was related to
slower escape latency or longer path-length during acquisition
(Fig. 3B and C), an opposite relationship was observed in terms
of spatial search accuracy in the retention probe test, in which
stronger habituation predicted more focal search in the target
quadrant (Fig. 3D and E). However, there were strong indications
that the apparent association between habituation and acquisition
performance was heavily influenced by two subjects (highlighted in
red in Fig. 3B and C), and their exclusions would be deemed appro-
priate. Exclusion of the first subject (#30) was justified by the large
Cook’s distance of this data point depicted in the scatter plots of
Fig. 3B and C (1.24 and 0.88, respectively), which exceeded the rec-
ommended cut-off at 0.717 (= the median of the F, 1 distribution).
Following this, exclusion of the second subject (#17) was justified
by recalculation of the Cook’s distances: with values (0.73 and 1.49,
from the scatter plots in Fig. 3B and C, respectively) exceeding the
recommended cut-off at 0.718 (= the median of F; 5 distribution).
The final corrected analyses suggested that habituation accounted
for a very small proportion of variation in acquisition performance
(1.4% and 0.04% variance in escape latency and path-length, respec-
tively).

On the other hand, no such concerns were raised in the
correlative analyses between startle habituation and probe test
performance with the maximum Cook’s distance being 0.132
(Fig. 3D) and 0.136 (Fig. 3E). Indeed, removal of the two highly
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Fig. 3. Startle habituation predicts retention but not acquisition performance in the water maze reference memory test. (A) The table summarizes the outcomes of the
correlative analysis of the habituation index against different behavioural scores derived from the three cognitive tests. Final significant correlations are indicated in bold
type. When the initial and final correlations differed, both statistics are illustrated. Footnotes: @ the correction involved exclusions of two subjects with large Cook’s distances
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plots of startle habituation against the escape latency and path-length measures of acquisition, respectively, as defined in Section 2.5.2. The final regression lines are depicted
in blue. For the purpose of comparison, the initial uncorrected regression lines are depicted in dotted red lines. (D) and (E) depict the scatter plots of startle habituation
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the references to colour in this figure legend, the reader is referred to the web version of this article.)

influential subjects identified in the previous analyses would not
have altered the statistical outcomes of the two correlations against
probe test performance (Fig. 2C and D). If anything, the correla-
tion coefficients would increase in value. Thus, we concluded that
only the correlations between habituation and retention test per-
formance were robust.

3.3.1. Subdivision of subjects based on startle habituation

To further explore the observed association between startle
habituation and reference memory, we next adopted a between-
subject approach whereby two groups of animals showing either
habituation or sensitization of the startle reaction were segregated.
A subject was considered a ‘habituator’ or ‘sensitizer’ when its startle
habituation index was significantly (i.e., p<0.05) above or below a
habituation value of zero. Briefly, the index of zero startle habit-
uation (“A of First — Last blocks”, represented by the x-axis of

Fig. 4A and B) indicates no change of average startle reaction from
the first to the last block of pulse-only trials - marked by the verti-
cal reference line inside the yellow box in Fig. 4A and B. The width
of the yellow boxes corresponds to the upper and lower boundaries
of deviation=0+2.074 x SDs={-0.210 to +0.210}, beyond which
would indicate significant deviation from zero at p<0.05, based
on one-sample t-test with 22 degrees of freedom (because N=23).
Animals to the right of the yellow area were classified as ‘habitu-
ators’ (n=9, with positive A values significantly larger than zero),
and to the left of the yellow area ‘sensitizers’ (n=9, with negative A
values significantly below zero). Animals inside the yellow bound-
aries were classified as ‘neither’ (n=5). The mean startle habituation
indices of the latter two groups are illustrated in the horizontal bar
plots above the scatter plots in Fig. 4A and B.

Fig.4Cdirectly contrasts the startle average from the first against
the last blocks of pulse-only trials, and illustrates the magnitude
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the mean-square error terms associated with the significant Group by Blocks interaction. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

of habituation and sensitization in the identified “habituators”
and “sensitizers”. As expected, a 2 x 2 (Group x Blocks) ANOVA
of the In-transformed reactivity data yielded a highly significant
group x blocks interaction [F(; 16)=55.80, p<0.001] (Fig. 4C). The
presence of significant habituated and sensitized response by the
last block [p’s <0.0005] was confirmed by supplementary post hoc
pairwise comparisons, which also indicated that habituators and
sensitizers differed significantly only in their startle response in the
last block (p<0.0001) but not their startle reactivity in the first
block (p=0.27).

3.3.2. Habituators vs. sensitizers in the reference memory test

Acquisition of spatial reference memory across the 8 trials was
assessed by two separate 2 x 8 (Group x Trials) ANOVAs of escape
latency and path-length. As illustrated in Fig. 5A-D, escape per-
formance clearly improved across trials yielding a significant main
effect of trials in terms of both latency [F7112)=10.32, p<0.001]
and path-length [F(7112)=8.48, p<0.001]. Neither the main effect
of group nor its interaction with trials attained statistical signifi-
cance indicating that acquisition of the reference memory task did
not markedly differ between the two groups of mice. Similar anal-
ysis of swim speed also revealed no significant group differences.
The average speed of the two groups was: habituator=0.18 ms~!,
and sensitizer=0.19ms~!, SE=0.01 ms~ 1.

Retention of  reference memory was assessed
by the animals’ search preference for the target
quadrant (Fig. 5C-F). To this end, the percentage of time and
path-length in each of the four quadrants were submitted to
two separate 2 x4 (Group x Quadrants) ANOVAs. The overall
presence of reference memory was indicated by a significant
main effect of quadrants [%time: F34gy=41.22, p<0.001, %path-
length: F(34g)=39.85, p<0.001]. However, the preference for the
target quadrant was clearly stronger in the habituators than the
sensitizers yielding a highly significant group x quadrants inter-
action [%time: F(34gy=8.32, p<0.001, %path-length: F34g)=8.53,
p<0.001]. Subsequent restricted analysis to the target quadrant
revealed a significant main effect of group [%time: F; 16)=14.75,
p=0.001, %path-length: F16y=15.29, p=0.001] confirming the
impression that the habituators exhibited a superior search
preference than the sensitizers. Nevertheless, preference for the

target quadrant was significantly above chance level (25%) in both
groups based on one-sample t-tests of percent time [habituators:
t=8.91, sensitizers: t=6.61, df =8, p<0.001] or percent path-length
[habituators: t=8.70, sensitizers: t=5.94, df=8, p<0.001] in the
target quadrant. Swim speed was highly comparable between the
two groups (habituators=0.19ms~!, and sensitizers=0.20ms™!,
SE=0.01ms™1).

3.3.3. Habituators vs. sensitizers in other tests

As expected from the correlative outcomes summarized in
Fig. 3A, the two groups (habituators vs. sensitizers) never signifi-
cantly differed from each other across all measures taken from the
PPI, working memory and conditioned freezing experiments (data
not shown).

3.4. Startle reaction to the pulse stimulus and reactivity to the
prepulse stimuli as predictors of cognitive performance

As summarized in Table 2, neither the startle reaction to the
pulse stimulus nor the reactivity to the prepulse stimuli is a
significant predictor of cognitive performance. The maximum cor-
relative coefficient [+0.41] revealed was between mean startle
reactivity (on pulse-alone trials) against the path-length measure
of acquisition performance in the reference memory test, which
just exceeded the criterion of statistical significance [p=0.052].
However, this correlative link was not substantiated by the alterna-
tive performance measure based on the latency measure [r=+0.33,
p=0.12]. All other reported coefficients remained far from statisti-
cal significance.

4. Discussion

In arandom cohort of homogenous wild type adult male mice of
the inbred C57BL/6 strain, the present study has provided evidence
in support of a positive statistical association between individ-
ual variations in PPI expression and working memory function.
At the same time, we demonstrated a novel and specific asso-
ciation between startle habituation and spatial search accuracy
in the retention test of spatial reference memory such that ani-
mals exhibiting strong overall startle habituation outperformed
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2 x 4 (Group x Quadrants) interaction. All values refer to mean = SE.

those that did not. The identified correlations between distinct
behavioural traits provide further qualifications on the use of the
common PPI paradigm as a translational paradigm, even though
they were demonstrated here on the basis of individual differences
presumably attributed to environmental and or developmental
causes rather than genetic factors since an inbred mouse strain was
used.

4.1. The link between sensorimotor gating and working memory

In considering PPI as a potential high-throughput assay to probe
cognitive functions or to predict pro-cognitive drug action, it is
imperative to distinguish the cognitive domains that are ortho-
gonal to PPI from those that parallel PPI. However, as pointed out by
Young et al. [80] only few studies have investigated this in humans
and the limited existing data do not substantiate the claim [e.g., 29

Table 2

and 30] that PPl is a reliable correlate of general cognitive function
in humans. This is in spite of the coexistence of PPI and cognitive
deficiency in several diseases including schizophrenia [25]. From
one perspective, the present parallel investigation in laboratory
mice might be taken as support for Young et al.’s [80] interpre-
tation, because baseline PPI failed to predict subsequent cognitive
performance in the majority of tests subsequently conducted in
the same animals. Yet, a clear and unique link with working mem-
ory performance was successfully identified. Importantly, this link
is not without precedence, Csomor et al. [16] have previously
reported a correlation between the formation of an appropriate
search strategy in the CANTAB spatial working memory task and
the magnitude of PPl amongst placebo-treated healthy volunteers.
This emphasis on strategy rather than memory retention capacity
is supported by the inverse correlation between PPl magnitude and
thinking time in the CANTAB stocking test (a version of the Tower

Summary of the correlative outcomes of startle reaction and prepulse reactivity with cognitive performance. None of the correlation coefficients achieved statistical

significance.

Reference memory performance

Working memory performance Contextual conditioned freezing

Acquisition Retention

Latency Path-length %Time in tQ %Path in tQ Latency Path-length Acquisition Retention
Startle reaction +0.33 +0.41 -0.25 -0.26 —0.22 -0.16 -0.24 -0.28
Prepulse reactivity —0.02 +0.02 —0.04 —0.03 -0.22 - 0.15 —0.06 +0.18
N= 23 23 23 23 23 23 22 22
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of Hanoi puzzle), identified in the same study [16]. The equivalent
correlation revealed in the mice here was seemingly more clearly
seenin the short rather than the extended delay condition. If strong
PPl is predictive of retention capacity, then the correlation would
have been at least as clear (if not more so) in the longer delay
condition. Instead, weak PPI may reflect executive deficiency, as
concluded by Bitsios et al. [9], leading to premature action before a
strategy is fully formed, or the formation of less efficient strategies.
Thus, the animals could not effectively translate their knowledge
of the escape platform’s whereabouts revealed to them on the first
trial into faster escape on the second trial.

Notably, the correlations between PPI and working memory
performance were not invariably observed across all PPI test con-
ditions. Csomor et al. [16] reported a significant PPI - working
memory correlation only with a SOA of 60 but not 120 ms. Here,
we only detected it with the lowest prepulse intensity at 4 dB units
above background noise. Indeed, the correlation here would have
been masked if the PPl magnitude were averaged across the five
prepulse intensities. Such specification cannot be readily predicted
or explained. Although, we cannot exclude a possible ceiling effect
at prepulses of higher intensity that might limit individual variabil-
ity here. By contrast, such an argument cannot be applied to Csomor
et al.’s [16] data, since PPI was stronger at the 60 ms than 120 ms
SOA condition. Yet, the possibility that PPl generated by prepulse of
low intensity might be qualitatively different from that generated
by more intense prepulse is highlighted by the lack of correlation
between them (Fig. 1C). It is unfortunate that Csomor et al. [16]
did not vary prepulse intensity but only SOA, and vice versa here.
More comprehensive parametric analyses would be highly instruc-
tive in defining the best PPI test conditions that might maximize the
prediction of working memory function by PPL

Although PPI is a pre-attentive process, sustained focal atten-
tion can play a critical role in its expression [19,20,63,64]. We have
recently shown that PPI was positively correlated with sustained
attention or vigilance in a visual two-choice discrimination task
in C57BL/6 mice [8]. There is also preliminary evidence suggesting
that negative priming, a test of selective attention and inhibition,
might be correlated with PPI performance in healthy humans
[24, but see 68]. This may imply that PPI is probably more closely
related to general attention-related processes [63,64] rather than
neuroplastic processes underlying memory formation and/or
retention in typical learning paradigms for rodents. Nevertheless,
PPI deficiency remains a common observation in schizophrenia
patients as well as their healthy relatives and is therefore widely
considered as an endophenotype of the disease [70]. And, deteri-
oration in attentional functioning is an early sign of schizophrenia
[81] as well as a good predictor of global functional recovery in
first-episode patients [33]. Hence, the prognostic value of PPI as
an early predictor and correlate of schizophrenia psychopathol-
ogy certainly deserves further investigation in both clinical and
preclinical settings.

4.2. The link between startle habituation and reference memory
retention

Here, the presence of a unique correlation between PPI and
working memory performance was contrasted by the specific asso-
ciation between startle habituation and reference memory reten-
tion indexed by the spatial search accuracy in the probe test. The
correlative analyses initially also yielded a significant correlation
between habituation and escape performance across the four days
of reference memory acquisition training, which would instead
suggest that stronger habituation predicted poorer acquisition per-
formance in the water maze reference memory task. However,
closer examination revealed that this correlative relationship was
heavily biased by two influential outliers with excessive statistical
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Fig. 6. Probe test performance. The habituated group (n=9) exhibited increased
preference for the target quadrant than both the sensitized group (n=9) and the
‘neither’ group (n=>5) showing neither habituation nor sensitization. This was sim-
ilarly seen in terms of (A) percent time and (B) percent path-length in the target
quadrant (tQ). *p<0.05 based on post hoc comparisons following the emergence
of a significant group effect in the respective one-way ANOVA. All values refer to
mean + SE.

leverage; and once these animals were excluded, the correlation
was far from statistical significance (Fig. 3B and C). Removal of the
two influential outliers did not affect any other correlative out-
comes. Importantly, the correlation between habituation and probe
test performance remained statistically significant, suggesting that
the link between habituation and reference memory retention is
specific and robust (see Fig. 3D and E). To further explore this
hypothesis we subsequently singled out those animals that exhib-
ited significant habituation or sensitization of the startle response
for a direct comparison. In agreement with the correlative analy-
sis, the habituated group specifically outperformed the sensitized
group on the probe test. However, the search preference for the
target quadrant was clearly above chance level in both groups indi-
cating that reference memory was not severely disrupted in the
‘sensitized group’. The question arises as to whether the demon-
strated group difference stemmed from an improvement in the
‘habituated group’ and/or deterioration in the ‘sensitized group’.
We addressed this by comparison with the remaining animals
that exhibited neither habituation nor sensitization on statistical
grounds as a pseudo-control group. As illustrated in Fig. 6, the sen-
sitized and control groups are closely matched indicating that the
presence of a sensitized startle response by the end of the PPI test
session did not worsen reference memory retention. By contrast, it
appears that the overt presence of strong overall startle habituation
might predict enhanced reference memory in C57BL/6 mice.

This prediction, however, does not conform to a known strain
difference in spatial cognition between C57BL/6 and DBA/2 mice.
Whilst the DBA/2 strain is associated with weaker spatial mem-
ory and related contextual processing compared with the C57BL/6
strain [e.g., 4, 56, 59, 78], DBA/2 mice typically exhibited stronger
and more robust startle habituation than C57BL/6 mice [66]. How-
ever, this does not preclude the possibility that the within-strain
relationship identified here might be similarly observed in other
strains of mice or rats. This can only be satisfactorily addressed
empirically, and the answer would help to define the importance
and scope of the present novel finding.

Our choice of C57BL/6 mice in the present study has inadver-
tently provided us a unique opportunity for a qualitative contrast
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between individuals with a propensity for startle habituation and
non-habituators, but generalization of the present finding to other
strains of mice and other species in which overall habituation is
more robustly seen may not be straightforward. Regarding the
measurement of habituation here, it is important to qualify that
habituation was indexed by comparing the startle response at
the beginning with the end of the (PPI) test session. In-between,
many startle stimuli with or without prepulses were presented.
C57BL/6 mice typically exhibit varying degrees of sensitization and
instances of dishabituation during this extended period of expo-
sures to the pulse stimulus, in spite of rapid initial habituation.
As reported elsewhere [77], such sensitized responses are mostly
observed with more intense pulse stimuli (like here, at ~120dB)
and in animals with strong baseline startle reactivity. Hence, the
C57BL/6 strain typically does not show a robust startle habituation
effectin this measure in comparison with other mouse or rat strains
[27,66,71,77]. This had enabled us to obtain a near symmetrical
segregation of C57BL/6 mice that exhibited overall response habit-
uation against those showing overall response sensitization. From
this perspective, our habituation index may also be interpreted as
a measure of sensitization. This is perfectly in line with Groves
and Thompson'’s dual process theory [38], which explicitly states
that a stimulus has both response-decreasing (habituating) as well
as response-increasing (sensitizing) influence on the subsequent
response. This does not undermine the validity of our observed cor-
relation, but it must be recognized that one cannot decide whether
the cognitive test results correlate with the underlying habitua-
tion or sensitization processes (or both). Indeed, whilst short-term
habituation is likely dependent on synaptic mechanisms within the
brainstem startle pathway [46,72], sensitization involves extrinsic
modulation of the startle pathway [e.g., 23, 53]. One may therefore
suspect that mechanisms involved in sensitization are more likely
impacting on other cognitive functions.

The novel link between startle habituation and spatial refer-
ence memory retention revealed here, likely involves multiple
neural mechanisms. Like the link between PPI and working mem-
ory, both dopaminergic and glutamatergic mechanisms are obvious
candidates (see Section 1) and it would be premature to single
out any particular one. Halberstadt and Geyer [40] suggest that
the D; receptor might exert inhibitory control over sensitization
and at the same time plays a key role in the habituation pro-
cess. However, whilst genetic disruption of the D; receptor induces
both habituation [40] and reference memory [22] deficits, working
memory [75] as well as associative learning [36,41] are also severely
affected. This pattern only partially matches our correlative obser-
vations. Augmentation of D; receptor activity has been proposed as
a potential therapeutic strategy to restore cognitive dysfunction in
schizophrenia [1,2,15,32,61], but its impact on startle habituation
has not been carefully evaluated. A facilitation effect in the latter
would further strengthen the impact and significance of our finding
here.

5. Conclusion

The present study shows that individual differences in two inde-
pendent forms of startle plasticity - PPI and habituation - are
statistically associated with performance in two distinct spatial
memory tests taxing working and reference memory, respectively.
These identified links appear highly specific and are relevant to
the diagnostic significance of PPI in health and disease. Whilst the
positive correlation between PPl magnitude and working memory
performance represents an important finding seemingly translat-
able to humans, the novel suggestion of the potential link between
startle habituation and other higher cognitive functions in C57BL/6

mice certainly deserves further probing, especially with a causal
perspective that is lacking here.
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