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Intrahippocampal Anisomycin Impairs Spatial Performance
on the Morris Water Maze
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New memories are thought to be solidified (consolidated) by de novo synthesis of proteins in the period subsequent to learning. This view
stems from the observation that protein synthesis inhibitors, such as anisomycin (ANI), administered during this consolidation period
cause memory impairments. However, in addition to blocking protein synthesis, intrahippocampal infusions of ANI cause the suppres-
sion of evoked and spontaneous neural activity, suggesting that ANI could impair memory expression by simply preventing activity-
dependent brain functions. Here, we evaluated the influence of intrahippocampal ANI infusions on allocentric spatial navigation using
the Morris water maze, a task well known to require dorsal hippocampal integrity. Young, adult male Sprague Dawley rats were implanted
with bilateral dorsal hippocampal cannulae, and their ability to learn the location of a hidden platform was assessed before and following
infusions of ANI, TTX, or vehicle (PBS). Before infusion, all groups demonstrated normal spatial navigation (training on days 1 and 2),
whereas 30 min following infusions (day 3) both the ANI and TTX groups showed significant impairments in allocentric navigation, but
not visually cued navigation, when compared with PBS-treated animals. Spatial navigational deficits appeared to resolve on day 4 in the
ANI and TTX groups, 24 h following infusion. These results show that ANI and TTX inhibit the on-line function of the dorsal hippocampus
in a similar fashion and highlight the importance of neural activity as an intervening factor between molecular and behavioral processes.
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Introduction
Memory consolidation is an active process that enables recently
learned material to be stored in a stable state for long periods of

time. Clear evidence for this process has been shown in experi-
ments in which neuropharmacological manipulations following
learning can significantly modulate subsequent retrieval (Mc-
Gaugh, 2000). It is thought that the process that ultimately me-
diates memory stability is the production of new proteins (de
novo protein synthesis), because translational inhibitors such as
anisomycin (ANI) and cycloheximide administered during the
consolidation period eliminate memory retrieval for recently
learned events (Davis and Squire, 1984; Kandel, 2001; Nader,
2003). As a result, it is now almost an axiom that de novo protein
synthesis is an essential component in memory consolidation.

The validity of the de novo protein synthesis hypothesis is
directly dependent on the assumption that abolishing protein
synthesis has no secondary effect on the neurons that support a
memory trace. Indeed it has been previously argued that ANI, in
particular, has no additional detrimental neurobiological effects
other than its inhibition of protein synthesis (Davis and Squire,
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Significance Statement

The permanence of memories has long thought to be mediated by the production of new proteins, because protein synthesis
inhibitors can block retrieval of recently learned information. However, protein synthesis inhibitors may have additional detri-
mental effects on neurobiological function. Here we show that anisomycin, a commonly used protein synthesis inhibitor in
memory research, impairs on-line brain function in a way similar to an agent that eliminates electrical neural activity. Since
disruption of neural activity can also lead to memory loss, it may be that memory permanence is mediated by neural rehearsal
following learning.
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1984). However, there is recent and mounting evidence that ap-
pears inconsistent with the idea of de novo protein synthesis as the
substrate for memory consolidation. For example, spontaneous
recovery of memories previously blocked by ANI has been re-
peatedly reported (Flexner and Flexner, 1967; Radyushkin and
Anokhin, 1999). Furthermore, intracranial ANI has also been
shown to catastrophically alter neuromodulatory tone, which by
itself can interfere with memory consolidation (Canal et al., 2007;
Qi and Gold, 2009; Sadowski et al., 2011). More recently, we have
demonstrated that intrahippocampal microinfusions of ANI
suppressed spontaneous and evoked local field potentials as well
as hippocampal unit activity (Sharma et al., 2012). Importantly,
the maximal doses of ANI used in these evaluative studies were
equal to, or less than, the concentrations used in previous behav-
ioral studies of memory. These collective results question the role
of protein synthesis inhibition, per se, as the mediator of previ-
ously observed behavioral deficits using ANI.

By using behavior to assay for the on-line function of the
brain, we previously showed that ventral (but not dorsal) hip-
pocampal infusions of ANI impaired unconditioned anxiety-
related responses in the elevated plus maze and shock-probe
burying tests (Greenberg et al., 2014). These behavioral deficits
were similar to those previously observed following direct sup-
pression of the hippocampus using sodium channel blockers
such as TTX and GABAA receptor agonists such as muscimol
(Degroot and Treit, 2004; McEown and Treit, 2010). In the pres-
ent study, we adopt this same behavioral approach and assess the
influence of dorsal hippocampal applications of both ANI and
TTX on spatial navigation in the Morris water maze. We demon-
strate that both manipulations impair allocentric navigation in a
similar fashion and thus provide further evidence that ANI acts to
impair on-line brain function.

Materials and Methods
Subjects. Data were obtained from 47 young, adult male Sprague Dawley
rats weighing between 200 and 350 g. All rats were housed individually in
47 � 25 � 20.5 cm polycarbonate cages for the duration of the experi-
ment with a 12 h light/dark cycle (lights on at 0600 h). Food and water
were provided ad libitum. All experimental procedures followed guide-
lines published by the Canadian Council on Animal Care and received
local ethical approval from the Biological Sciences Animal Policy and
Welfare Committee of the University of Alberta.

Drugs. Isoflurane (anesthetic; Halocarbon Product), Marcaine (pre-
operative analgesic; Hospira), Rimadyl (a postoperative anti-inflamma-
tory; Pfizer), and Hibitane (postoperative antibiotic cream; Pfizer) were
used during implantation surgery. During the testing protocol, anisomy-
cin (Sigma-Aldrich; 100 �g/�l dissolved in 10 N HCl and brought to
volume with PBS) and TTX (Abcam; 10 ng/�l dissolved in PBS) were
used for dorsal hippocampus infusions.

Surgical implantation. Animals were initially anesthetized in an en-
closed 31 � 11 � 11 cm Plexiglas gas chamber filled with an isoflurane
(4%), N2O (1.0 ml/min), and O2 (0.5 ml/min) vapor mix. Once the
righting reflex was lost, animals were placed in a nose cone supplying a
vapor mixture of isoflurane (1.5%), N2O (1.0 ml/min), and O2 (0.5
ml/min), which was maintained for the duration of the procedure. Be-
fore surgery animals were administered 0.9% saline (3 ml, i.p.) for hy-
dration and Marcaine (0.3 ml, s.c., near the sagittal scalp line) as a local
anesthetic. Animals were placed in a stereotaxic frame (Kopf Instru-
ments) and implanted with stainless steel 22 gauge 5 mm guide cannulae
(Plastics One) bilaterally into the dorsal hippocampus (AP, �3.3 mm;
ML, �2.2 mm; DV 3.0 mm) using a rat brain atlas (Paxinos and Watson,
1998). Guide cannulae were secured to the skull with dental acrylic an-
chored to a triad of jeweler’s screws fixed in the skull. Dummy probes
were inserted into the guide cannulae to prevent obstruction of the tracts.
Postoperative Rimadyl (0.2 ml, i.p.) was administered to reduce inflam-
mation during recovery. Hibitane was applied to the incision site post-

operatively if there were any signs of infection. All animals were given at
least 7 d of recovery time before any behavioral procedures and were
handled for 10 min per day for 3 consecutive days before testing.

Training procedures. A black circular maze (diameter 152 cm, depth 46
cm) was filled up to 4 cm below the top with tap water (21 � 0.2°C SEM).
The platform (diameter 17 cm, depth 46 cm) was located 3 cm below the
surface of the water and painted to match the pool, concealing its loca-
tion from the surface. Cued trials included placing a bright object (a
small, inverted orange traffic cone) on the platform, which was easily
discernible from the surface of the water. The platform was located in one
of the four ordinal (NW, NE, SW, SE) positions, 38 cm away from the
outside edge of the pool. Platform location was changed at the beginning
of each day, but did not change across trials during a single day, similar to
the matching-to-place task version of the water maze (Morris and Frey,
1997). Platform locations and starting points were randomized after each
week of testing to control for systematic location bias and quadrant ef-
fects (Vorhees and Williams, 2006).

The animal was placed at a random cardinal starting position (N, W, S,
E) at the beginning of each of the four trials during a single day. The
animal was released in the pool facing the outer rim and was given 60 s to
find the hidden platform. If the animal did not reach the platform in 60 s,
it was guided there. The animal remained on the platform for 20 s before
being returned to its cage for 2 min until the next trial. Before each cued
trial, the platform was moved to a random ordinal location with the cue
object placed upon it, but otherwise ran as previously described.

Measures of latency and path were assessed using an overhead contrast
tracking device (VP200 advanced tracker) and further analyzed with
HVS Water Tracking System software. The room was lit with soft diffuse
lighting.

Each animal was run for four trials per day over the course of 4 con-
secutive days. Infusions of ANI, TTX, or PBS were made 30 min before
testing on day 3. Two cued trials were also introduced on days 3 and 4,
following the completion of the normal trials. Once the animal was re-
leased at the designated starting point, the experimenter returned to a set
position in the room and remained there until the full trial had com-
pleted. Experimenters were blind to the experimental conditions of the
animals. Defecates were removed from the water with a net after each
trial and the pool was thoroughly cleaned after every session of testing.

Infusion procedures. On day 3 of training, animals were randomly as-
signed to one of the three conditions: ANI (100 �g/�l dissolved in 10 N
HCl and brought to volume with PBS), TTX (10 ng/�l dissolved in PBS),
or a vehicle control group (PBS). It is important to note that the dosage of
ANI was equal to or lower than that used in classic studies on protein
synthesis inhibition and memory studies (Schafe et al., 1999; Nader et al.,
2000). Solutions were infused into both dorsal hippocampal hemi-
spheres through 26 gauge stainless steel internal cannulae attached to a 10
�l Hamilton syringe with polyethylene tubing at a rate of 0.5 �l/min for
2 min (total infusion volume of 1 �l per hemisphere) using a double
infusion pump (Harvard Apparatus 22). Internal infusion cannulae were
left in the guide cannulae for one additional minute to allow for diffusion
of the drug out of the cannulae. Infusions were performed on awake
animals that were lightly restrained by an experimenter. Behavioral test-
ing occurred 30 min following the start of the infusion. This corresponds
to the time period of maximal neural suppression for both TTX (Loren-
zini et al., 1996) and ANI (Sharma et al., 2012).

Histology. Following all experimentation, rats were deeply anesthe-
tized using isoflurane inhalation and overdosed using intraperitoneal
injections of urethane (1 ml of 0.67 g/ml). Following the loss of the
righting reflex and lack of reflex withdrawal responses to toe pad
pressure, animals were transcardially perfused with saline followed by
formalin (4%). Brains were then extracted and stored in a sucrose
(30%) formalin (4%) solution for a minimum of 24 h before slicing.
Brains were flash frozen with compressed CO2 and sliced into 60-�m-
thick coronal slices using a rotary microtome (1320 Microtome;
Leica). The slices were mounted on gel-coated slides (Fisher Scien-
tific), thionin stained (Sigma-Aldrich), and coverslipped using Per-
mount (Fisher Scientific). Animals with cannulae placements above
the pyramidal cell layer near CA1 were excluded from analysis. No
lesions were found in any of the slices.
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Data analysis. Latency and path length were recorded using an over-
head contrast camera (VP200 advance tracker), which relayed informa-
tion to software (HVS Water Maze), producing an excel file output.
Latency and path length averages of each trial per day and group were
calculated using Microsoft Excel and were analyzed using SPSS (IBM
Statistics 20). The path traveled by the animals was reconstructed using
our overhead contrast tracking system and plotted using OriginPro 8.5
(OriginLab). Velocity was calculated by the tracking system as a function
of distance over time of each trial.

A mixed-measures ANOVA was used to assess differences between
trials within each day, between treatment groups, and to test for interac-
tions. To reduce data noise and measurement error, the average of trials
2, 3, and 4 for each day and group were calculated. This measure was used
to assess allocentric navigation performance after the first exposure to the
platform location, which was further analyzed using another mixed-
measures ANOVA. A one-way ANOVA was used to assess the effects of
different treatment conditions on each day, as well as any differences in
velocity between conditions.

Results
Consistent with previous research using the matching-to-place
version of the Morris water maze (Vorhees and Williams, 2006),
all groups demonstrated learning across trials on days 1 and 2
(Fig. 1). This is shown in terms of decreases in the latency and
path length to find the hidden platform across the four trials.
Using a mixed-measures 3 (Condition) � 4 (Trial) ANOVA de-
sign, we found significant decreases in performance measures
across trials on day 1 (Latency: F(3,132) � 10.5, p � 0.001; Path:
F(3,132) � 7.825, p � 0.001) and day 2 (Latency: F(2.76,121.62) �

30.99, p � 0.001; Path: F(2.614,115.014) � 34.117, p � 0.001), with
no significant differences between groups on day 1 (Latency:
F(2,44) � 0.375, p � 0.689; Path: F(2,44) � 0.51, p � 0.950) and day
2 (Latency: F(2,44) � 1.170, p � 0.320; Path: F(2,44) � 1.111, p �
0.338) or a significant interaction on day 1 (Latency: F(6,132) �
0.500, p � 0.807; Path: F(6,132) � 0.914, p � 0.487) or day 2
(Latency: F(4.968,109.301) � 0.474, p � 0.794; Path: F(4.717,103.773) �
0.200, p � 0.956). These data suggest that the initial performance
of each randomized group was comparable before infusions.

As partially described, performance on day 2 across trials
showed similar results to those on day 1, although all groups
showed faster latencies overall. Indeed despite moving the plat-
form to a novel location, performance measures appeared to op-
timize more rapidly across trials on day 2 compared with day 1, as
shown in Figure 1. This suggests that all rats learned the overall
contingencies of the task quite rapidly.

While the different groups showed similar performance on
days 1 and 2, following infusions on day 3, there were marked
differences apparent between the groups across trials. There were
significant effects of both trial (Latency: F(3,132) � 5.897, p �
0.001; Path: F(3,132) � 5.298, p � 0.002) and group (Latency:
F(2,44) � 3.464, p � 0.040; Path: F(2,44) � 4.445, p � 0.017), with
no significant interaction (Latency: F(6,132) � 0.265, p � 0.952;
Path: F(6,132) � 0.441, p � 0.850). These data (Fig. 1) show that
TTX and ANI groups were impaired in terms of learning the new
location of the platform since they did not show decreased laten-
cies and path lengths (distance) on trials 2– 4 as they previously
did on day 2. In contrast, the PBS group did show marked im-
provement in latency and distance measures during trials 2– 4,
similar to their performance on day 2. Statistically, this was con-
firmed using post hoc comparisons (Tukey HSD). ANI and PBS
groups were significantly different on both latency and distance
measures (Latency: p � 0.043; Path length: p � 0.022) and TTX
and PBS groups were significantly different for distance (p �
0.040) but not latency (p � 0.095) measures. ANI and TTX
groups were not different from each other on either measure
(Latency: p � 0.992; Path length p � 0.998). These results suggest
that both ANI and TTX groups were equally impaired on the
Morris water maze task following infusions.

The difference between groups appeared to resolve on day 4
because performance was comparable across groups and trials.
Specifically, there were no significant effects for group (Latency:
F(2,44) � 1.520, p � 0.230; Path length: F(2,44) � 1.343, p � 0.272),
although there was a significant effect of trial (Latency: F(3,132) �
9.983, p � 0.001; Path: F(3,132) � 11.037, p � 0.001) without any
significant interaction (Latency: F(6,132) � 1.702, p � 0.125; Path:
F(6,132) � 1.755, p � 0.113). All groups performed similarly across
trials on day 4, suggesting that the ANI and TTX groups recov-
ered from the impairment observed on day 3.

Given that all groups appeared to show optimized perfor-
mance on trials 2– 4 on day 2 (and certainly in the control PBS
group on day 3), we elected to compare performance by aver-
aging measures for trials 2– 4 and comparing across groups on
each day (Vorhees and Williams, 2006). As shown in Figure 2,
there were significant group differences (Latency: F(2,44) �
5.147, p � 0.010; Path: F(2,44) � 5.258, p � 0.009) as assessed
using a 3 (Condition) � 4 (Day) mixed-measures ANOVA for
these data. Using a Tukey HSD post hoc test, significant differ-
ences were found between the ANI and PBS groups (Latency:
p � 0.012; Path length: p � 0.013) and the TTX and PBS
groups (Latency: p � 0.030; Path length: p � 0.021), whereas
the ANI and TTX groups did not differ (Latency: p � 0.997;
Path length: p � 0.990).

A

B

Figure 1. Averaged group performance (latency (A) and path length (B)) measures in the
match-to-place version of the Morris water maze. Performance across trials shows learning
across all groups (black symbols and lines represent the PBS group, red symbols and lines
represent the ANI group, and green symbols and lines represent the TTX group) on days 1, 2, and
4, but not on day 3, for the ANI and TTX groups. Error bars reflect SEM.
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Given these results, we conducted separate analyses (one-way
ANOVAs) for each day for these same amalgamated measures of
spatial navigation performance. All groups performed similarly
on day 1 (Latency: F(2,44) � 0.570, p � 0.570; Path: F(2,44) � 0.465,
p � 0.631), day 2 (Latency: F(2,44) � 1.452, p � 0.245; Path: F(2,44)

� 1.156, p � 0.324), and day 4 (Latency: F(2,44) � 0.833, p �
0.442; Path: F(2,44) � 0.689, p � 0.507), but showed significant
differences on day 3, i.e., post infusion (Latency: F(2,44) � 3.762,
p � 0.031; Path: F(2,44) � 4.743, p � 0.014). As evaluated with a
Tukey HSD post hoc test, ANI and TTX groups did not differ from
each other on day 3 (Latency: p � 0.984; Path: p � 0.983), but
there were significant group performance differences between
ANI and PBS groups (Latency: p � 0.032; Path: p � 0.015) and
between TTX and PBS groups (Path: p � 0.045). These results
suggest that both ANI and TTX groups show similar impairme-
nts in the performance of the allocentric version of the Morris
water maze, a task that has been repeatedly shown to depend
upon the intact operation of the dorsal hippocampus.

We also reconstructed the swim paths across the different
groups of animals following infusions on day 3. As exemplified in
Figure 3, all groups tended to swim in a circular fashion around
the outside circumference of the pool on the first trial. However,
after finding or being placed on the platform during the first trial,

the swim paths of control (PBS) animals on subsequent trials
(i.e., on trials 2– 4) showed a more direct navigational strategy. In
contrast, and as shown in Figure 3, animals in the ANI or TTX
infusion groups continued to demonstrate swim paths that were
similar to those on the first trial. This pattern is suggestive of
impaired spatial navigation, a behavior known to require on-line
dorsal hippocampal function (Hostetter and Thomas, 1967;
Good and Honey, 1997).

To assure that these deficits were not due to other factors, we
assessed the average swim speed as well as the ability of all groups
of animals to navigate to a visually cued platform (Fig. 4). There
were no statistically significant differences in velocity between
groups on any day (Day 1: F(2,213) � 2.413, p � 0.092; Day 2:
F(2,213) � 1.524, p � 0.220; Day 3: F(2,213) � 0.254, p � 0.776; Day
4: (F(2,213) � 2.880, p � 0.058), as determined using a one-way
ANOVA. There were also no significant differences between
groups when measuring the average performance of the two cued
trials on day 3 (Latency: F(2,44) � 0.646, p � 0.529; Path: F(2,44) �
1.884, p � 0.164) or on day 4 (Latency: F(2,44) � 1.648, p � 0.204;
Path: F(2,44) � 2.050, p � 0.141). These results suggest that the
impairment in ANI and TTX groups observed post infusion was
not due to performance deficits or nonhippocampal-dependent
learning.

Discussion
We show here that dorsal hippocampal infusion of anisomycin
disrupts the ability of rats to navigate in the allocentric (but not
the cued) version of the Morris water maze. Given the similarity
of these impairments to those observed with similar infusions of
TTX (present study), together with our previous observation that
similar doses of ANI disrupt electrical activity in the hippocam-
pus (Sharma et al., 2012), we suggest that ANI impairs on-line
brain function by inactivating neural tissue. This behavioral dis-
ruption dissipated 24 h following the infusions of both ANI and
TTX, which suggests a similar transient and nonpermanent dys-

A

B

Figure 2. Averaged latency (A) and path length (B) measures across groups when grouping
performance measures on trial 1 and trials 2– 4 across all days. Black symbols and lines repre-
sent the PBS group, red symbols and lines represent the ANI group, and green symbols and lines
represent the TTX group. Open symbols reflect average data for trial 1, and closed symbols
reflect the average for trials 2– 4. ANI and TTX groups demonstrate poor navigation on day 3
when comparing trial 1 to trials 2– 4. Error bars reflect SEM.

Figure 3. Swim paths of representative animals from each group on day 3. Start and end
points are indicated as green and red dots, respectively. Trial 1 paths indicate a lack of knowl-
edge of the location of the hidden platform that is uniform across groups. Trial 2 paths indicate
a strong location preference for the PBS animal, which continues to be absent in ANI and TTX
animals.
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function of neural operations with both manipulations. Cer-
tainly, our results caution that the behavioral influences of
translational inhibitors cannot be considered independently of
their effects on neural activity. Indeed, they also imply that prior
behavioral results using intracerebral applications of ANI [and
other protein synthesis inhibitors (PSIs)] could very well be the
result of neural silencing as opposed to suppression of protein
synthesis per se. Moreover, they highlight the need to completely
reconsider the use of PSIs in future behavioral paradigms that test
for the importance of de novo protein synthesis in memory con-
solidation (or reconsolidation).

The importance of neural activity in memory consolidation
Coordinated neural activity has been previously shown to play a
fundamental role in memory consolidation. The disruption or
abolition of neural activity has been shown to produce profound
memory deficits in studies using postlearning manipulations
such as lesions (Morris et al., 1982; Morris, 1989; Zelikowsky et
al., 2012); electroconvulsive shock (Duncan, 1949; Misanin et al.,
1968); and neural inactivators such as TTX, lidocaine, or musci-
mol (Brioni et al., 1990; Packard and McGaugh, 1996; Ambrogi
Lorenzini et al., 1999; Holt and Maren, 1999; Chang and Gold,
2003; Klement et al., 2005). More recent studies show that simi-
larly timed disruptions of particular patterns of coordinated ac-

tivity (such as sharp wave ripples and theta oscillations) can also
result in memory deficits (Girardeau et al., 2009; Ego-Stengel and
Wilson, 2010; Sauseng et al., 2010; Jadhav et al., 2012). These
studies demonstrate that neural activity is an essential compo-
nent in the consolidation period and may be paramount for the
recall deficits previously ascribed to protein synthesis inhibition.

One way in which postlearning activity patterns may support
long-term memory formation is through continuing plasticity
among coactive local and even extended networks of neurons
(Buzsáki, 1989). It is well known, for example, that neural stim-
ulants and excitatory neuromodulators delivered in the postle-
arning period are effective in enhancing future recall and that
these effects are likely activity dependent (McGaugh, 1999, 2000).
Indeed boosting endogenous activity patterns, such as the slow
oscillation through transcranial electrical stimulation, has also
been shown to improve the consolidation of recently learned
hippocampal-dependent memories (Marshall et al., 2006). Fur-
thermore, impairing synaptic plasticity by the use of NMDA re-
ceptor blockers has been shown to have no effect on the learning
of a new spatial location in a water maze, but did significantly
alter the recall of its location after 24 h (McDonald et al., 2005).
Moreover, when NMDA receptors were blocked immediately af-
ter learning, a similar recall deficit was found. These results, taken
in tandem, suggest that an activity-dependent process requiring
NMDA receptor-mediated neurotransmission is likely opera-
tional during the postlearning period and could be a causal ele-
ment of memory consolidation.

De novo protein synthesis hypothesis of memory
consolidation
Given that the suppressive effects of translational inhibitors, in-
cluding ANI, on protein synthesis are likely inseparable from
their detrimental effects on neurobiological processes (Radyush-
kin and Anokhin, 1999; Canal et al., 2007; Rudy, 2008; Qi and
Gold, 2009; Sadowski et al., 2011; Sharma et al., 2012; Greenberg
et al., 2014), what does this imply for the de novo protein theory of
memory? That is, are new proteins necessary for supporting long-
term memory changes? While this idea has good face validity
based on the assumption that the neural instantiation of memory
is mediated via maintained synaptic plasticity, which would in-
clude morphological changes, it is the evaluation of this hypoth-
esis via the use of intracerebral PSIs that is problematic. In a
commentary about the dependence of memory consolidation on
protein synthesis, Rudy et al. (2006) concluded that the intrace-
rebral application of ANI has many detrimental effects on neu-
robiological function, both in the immediate and long term
(including the induction of apoptotic cell death) that would pre-
clude a definitive answer in this respect. While permanent cell
loss induced by ANI is certainly a concern for neurobiologists,
our present findings suggest that the immediate effects are un-
likely to involve this process since normal hippocampal function
returned after 24 h. Regardless, it is surprising, given the numer-
ous and varied demonstrations of neurobiological dysfunctions
induced by translational inhibitors, that a re-evaluation of the de
novo protein synthesis hypothesis has not taken place sooner.

To bypass the suppressive effects that direct intracerebral ap-
plications of ANI has on neural activity, systemic infusions of
ANI might be considered. However, there is a great deal of evi-
dence demonstrating that intraperitoneal infusions of ANI cause
visceral malaise in rats, as measured through a lack of voluntary
eating behavior (Davis and Squire, 1984; Hernandez and Kelley,
2004). Indeed the broad spectrum of adverse side effects pro-
duced from ANI must be overcome before attempting to resolve

A

B

Figure 4. Averaged group performance (latency (A) and path length (B)) measures in the
cued version of the water maze on days 3 and 4. Black symbols and lines represent the PBS
group, red symbols and lines represent the ANI group, and green symbols and lines represent
the TTX group. No differences were observed between groups. Error bars reflect SEM.
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the true cause of the observed amnestic behaviors, which further
complicates its use in memory research. In addition to malaise,
systemic ANI can also affect the distribution of brain activity
states during sleep (Rojas-Ramírez et al., 1977). Given the impor-
tance of off-line activity during sleep to memory consolidation
(Buzsáki and Draguhn, 2004; Diekelmann and Born, 2010), any
modulation of patterned neural activity, regardless of mecha-
nism, is likely to impact behavioral measures.

While it is certainly the case that present-day molecular ap-
proaches to examine the longevity of memory have moved toward
targeting individual proteins as opposed to broader disruption of all
protein products, it is also clear that these specific manipulations can
have ramifications on neural activity as well. For example, the anti-
sense oligonucleotide knockdown of a specific tyrosine kinase recep-
tor (MuSK) in the hippocampus that interfered with memory
consolidation was also shown to disrupt hippocampal theta in vitro
(Garcia-Osta et al., 2006). Further down the signaling pathway, the
downregulation of CREB, an essential element in the long-term ex-
pression of synaptic potentiation, results in memory impairments,
but may do so by simply reducing neuronal excitability (Han et al.,
2006; Jancic et al., 2009). Conversely, the upregulation of CREB
enhances memory at the same time that it increases neuronal excit-
ability (Lopez de Armentia et al., 2007; Josselyn, 2010). Recently, we
have shown that even the targeted post-translational interference of
specific memory-related isoforms of PKC (PKM� and/or PKC�)
also disrupt hippocampal activity (LeBlancq et al., 2014). These find-
ings suggest that the ultimate mechanism of action when manipu-
lating memory-related proteins may simply be mediated through
effects on neural activity.

How do translational inhibitors disrupt neural activity?
In our previous work, we suggested that protein synthesis is es-
sential for proper neural activity (Sharma et al., 2012). It is still
unclear how translational inhibition might impact intrinsic and
synaptic mechanisms of excitability. One potential mechanism is
through the impairment of general cellular operations, particu-
larly by blocking the function or production of protein classes
necessary for cellular function. Protein classes such as cytoskel-
etal, metabolic, signaling, enzymatic, and membrane-associated
peptides are all likely individually necessary for neuronal excit-
ability, of which the impairment of any single class could prevent
cellular activity. Indeed it seems implausible to suggest that a
translational blocker, such as ANI, at the customary high doses
found in past behavioral research studies, would leave these cel-
lular operations intact. Another mechanism through which ANI
could impair neural activity is through mitochondrial disrup-
tion. Bath applications of ANI to primary cortical cultures have
been shown to decrease ATP production, suggesting that ANI
specifically disrupts mitochondrial function (Zhou et al., 2008).
Given that neural activity is richly dependent on ATP, it is likely
that any manipulation that disrupts mitochondrial function
would prominently affect neural signaling.

General conclusion
Our current findings demonstrate that ANI, similar to TTX, dis-
rupts on-line brain function in a temporary manner. Given that
both manipulations can impair the future expression of memory
(i.e., retrieval), it is tempting to suggest that ANI may produce
these effects via its suppression of activity, as opposed to its inhi-
bition of protein synthesis. Certainly, our results support the idea
that the divide between molecular biology and behavioral pro-
cesses cannot be considered without the intervening factor of
neural activity.
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