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Neurosilence: Profound Suppression of Neural Activity
following Intracerebral Administration of the Protein
Synthesis Inhibitor Anisomycin

Arjun V. Sharma,' Frank E. Nargang,” and Clayton T. Dickson'*
Departments of 'Psychology, 2Biological Sciences, and *Physiology, “Centre for Neuroscience, University of Alberta, Edmonton, Alberta T6G 2E9, Canada

Early in their formation, memories are thought to be labile, requiring a process called consolidation to give them near-permanent
stability. Evidence for consolidation as an active and biologically separate mnemonic process has been established through posttraining
manipulations of the brain that promote or disrupt subsequent retrieval. Consolidation is thought to be ultimately mediated via protein
synthesis since translational inhibitors such as anisomycin disrupt subsequent memory when administered in a critical time window just
following initial learning. However, when applied intracerebrally, they may induce additional neural disturbances. Here, we report that
intrahippocampal microinfusions of anisomycin in urethane-anesthetized rats at dosages previously used in memory consolidation
studies strongly suppressed (and in some cases abolished) spontaneous and evoked local field potentials (and associated extracellular
current flow) as well as multiunit activity. These effects were not coupled to the production of pathological electrographic activity nor
were they due to cell death. However, the amount of suppression was correlated with the degree of protein synthesis inhibition as
measured by autoradiography and was also observed with cycloheximide, another translational inhibitor. Our results suggest that (1) the
amnestic effects of protein synthesis inhibitors are confounded by neural silencing and that (2) intact protein synthesis is crucial for

neural signaling itself.

Introduction

The idea that newly formed memories require an additional step
called consolidation that gives them long-term or permanent sta-
bility has a long history. Although the first published evidence in
support of the idea of consolidation as an active and unique
memory process was based on purely behavioral observations
(Miiller and Pilzecker, 1900), its neurobiological underpinnings
were confirmed in terms of recent versus remote retrograde
memory deficits following brain injury (Ribot, 1882). Indeed,
long-term memory for recently acquired information is acutely
sensitive to alterations in neurobiological function and especially
neural activity. This suggests that active processes in the period
directly following acquisition are critical for the modulation of
future memory strength. This has been supported by the finding
that neuropharmacological treatments in this period, some di-
rectly in brain areas mediating the memory, can promote or di-
minish subsequent retrieval (McGaugh, 2000). The relative
permanence of memory is thought to be ultimately mediated by
de novo protein synthesis since translational inhibitors such as
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anisomycin (ANI) and cycloheximide (CHX) administered dur-
ing this period effectively eliminate long-term memory for just-
learned events (Davis and Squire, 1984; Kandel, 2001; Nader,
2003; Dudai, 2004; Alberini, 2008).

The assumption implicit in the de novo protein synthesis hy-
pothesis has been that altering or disrupting protein synthesis has
no other substantive effects on neural function. In fact, the classic
and oft-cited review on this topic (Davis and Squire, 1984) doc-
uments an abundance of studies that purport to show a lack of
effect of ANI on general neurobiological operations while having
a specific effect on inhibiting protein synthesis. This is a critical
aspect of the hypothesis since impaired neural function could
also independently cause memory deficits.

There is recent evidence to suggest that intracerebral applica-
tions of ANI have some dramatic and nonspecific effects on the
neurobiological substrate. The most notable example is the dem-
onstration that locally applied ANI was found to markedly alter
extracellular concentrations of a variety of neuromodulatory
agents in both the amygdala (Canal et al., 2007) and the hip-
pocampus (HPC) (Qi and Gold, 2009). Findings such as these are
difficult to reconcile with effects that are specific to protein syn-
thesis and independent of moment-to-moment neural function-
ing. They also present problematic confounds for intracerebral
applications of ANT and other protein synthesis inhibitors in be-
havioral paradigms. Since spontaneous patterns of coordinated
hippocampal activity during sleep have been suggested to play a
role in the consolidation of episodic-like memories (Buzsaki,
1989; Pavlides and Winson, 1989; Wilson and McNaughton,
1994; Wolansky et al., 2006; Ji and Wilson, 2007; Girardeau et
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al., 2009; Nakashiba et al., 2009; Born, 2010; Dickson, 2010;
Ego-Stengel and Wilson, 2010), we elected to study similar pat-
terns expressed in urethane-anesthetized rats to determine an
effect, if any, of direct intrahippocampal microinfusions of ANI.
We show that ANT, at dosages less than or equal to those that have
been previously shown to block the consolidation of
hippocampal-dependent memories, severely depressed (and in
some cases, eliminated) hippocampal electrical activity including
local field potentials (LFPs), extracellular current flow, and on-
going unit activity. These effects on activity were not mediated by
cell death. We show that as the level of protein synthesis inhibi-
tion increased so too did the suppression of neural activity. We
conclude that (1) the behavioral deficits produced in studies us-
ing intracerebral ANI infusions are likely confounded by sup-
pression of neural activity and (2) normal neurophysiological
activity likely requires intact protein synthesis in neural tissue.

Materials and Methods

Data were obtained from 60 male Sprague Dawley rats with an average
weight of 255 = 7 g. All experimentation conformed to the guidelines
established by the Canadian Council on Animal Care as well as the Soci-
ety for Neuroscience, and the methods were approved by the Biological
Sciences Animal Policy and Welfare Committee of the University of
Alberta. Details of all procedures are available in our previous publica-
tions (Wolansky et al., 2006; Clement et al., 2008; Schall et al., 2008;
Sharma et al., 2010).

Surgery, implantation, recording, and infusions. Under initial isoflurane
anesthesia, animals were implanted with a jugular catheter through
which urethane was delivered at an anesthetic dose (1.66 * 0.01 mg/kg).
Rats remained anesthetized for the duration of all subsequent proce-
dures, and the amount of time spent under urethane (ranging from 2 to
9 h) did not change the pattern of results reported. As we have previously
shown, stable recordings across both activated and deactivated states can
be made for extended periods in this preparation (Wolansky et al., 2006;
Clement et al., 2008; Schall et al., 2008). Cranial implantations of elec-
trodes were conducted stereotaxically while animals were maintained ata
constant temperature of 37.0°C. Single-pole Teflon-insulated stainless
steel electrodes were implanted in the neocortex (nCTX) (AP, +1.2; ML,
+2.1;DV, —0.2 mm) and the HPC on the opposite (contralateral) side to
the infusion site (AP, —3.3; ML, +2.1; DV, —3.4 * 0.1 mm). At a ho-
motopic point in the HPC ipsilateral to infusion, a single-pole electrode
or 16-channel linear silicon multiprobe (NeuroNexus Technologies) was
implanted, and just posterior to this, a microinfusion cannula made of 30
gauge stainless-steel tubing soldered within and extending out of a larger
23 gauge needle (AP, —4.0; ML, —2.6; DV, —3.0 to —3.5 mm). Following
implantation, all monopolar recording electrodes were fixed to the skull
using a jeweler’s screw and dental acrylic.

Single-channel recordings were amplified at a gain of 1000 and band-
pass filtered between 0.1 Hz and 10 kHz by a four-channel AC amplifier
(model 1700; A-M Systems). Multiprobe recordings were amplified at a
gain of 1000 and filtered between 0.7 Hz and 10 kHz using a 16-channel
head stage and amplifier system (Plexon). All LFP signals were sampled at
=1000 Hz after anti-aliasing filtering at 500 Hz. Multiunit activity was
sampled at =10 kHz after anti-aliasing filtering at 5 kHz. Sampling was
conducted through a Digidata 1322a A-D connected to a Pentium com-
puter running AxoScope (Molecular Devices).

Baseline (spontaneous) recordings were taken for a minimum of 10
min [during which samples of both theta and slow oscillation (SO) states
were obtained], and subsequently intracerebral microinfusions at a rate
of 1 ul/min were made using a microinfusion pump (model KDS100; KD
Scientific) connected to the cannula by a Hamilton 10 ul syringe and
PE50 tubing (Clay Adams Brand; BD Biosciences). The maximum con-
centration of ANI was 100 ug/ul (although lower concentrations, 50, 25,
and 12 pg/ul, were also used in some experiments), and the maximum
volume infused at any concentration was 1 ul. Control infusions were
made using standard PBS. Recordings were made continuously
throughout (except for the protocols involving multiunit or evoked
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potential recordings) and lasted for a minimum of 2.5 h after infusion
in initial (recording only) experiments. In experiments characterizing
histochemistry or autoradiography, recordings lasted for a minimum
of 40 min after infusion. The maximum recording time following
infusion was 8 h.

Evoked potentials. In some experiments, we tested the influence of
infusions on evoked potential profiles elicited by electrically stimulating
the CA3 subfield in the contralateral HPC through a bipolar electrode
(AP, —3.5; ML, —3.5; DV, —3.0 to —4.0). Brief (0.2 ms), biphasic con-
stant current (110-120 nA) pulses were applied every 8 s using an elec-
trically isolated constant current apparatus (model 2100; A-M Systems).
Average EPs were computed from at least 16 stimulation events before
and 3060 min after infusions.

Histology. Following electrophysiological experimentation, animals
were transcardially perfused with physiological saline followed by 4%
paraformaldehyde in buffer. Brains were extracted and placed in a su-
crose (30%) and paraformaldehyde (4%) solution and left overnight.
After frozen sectioning, slide mounted slices were stained with thionin or
Fluoro Jade B using standard procedures (Schmued and Hopkins, 2000).
The location of cannula and electrode placements were noted for
thionin-stained sections under a light microscope, while Fluoro Jade
B-stained sections were visualized using a fluorescent microscope (DM
5500B; Leica) using a green (FITC/fluoroscein) fluorescent filter to visu-
alize dead cells. Digital photomicrographs were obtained using a CCD
camera (Retiga EXi Fast 1394; QImaging), which were later imported
into Corel Photo Paint (Corel) and/or NIH Image]. Digital photomicro-
graphs were color-inverted and then converted to grayscale images.

Autoradiography. In a subset of experiments, after recording proce-
dures were completed (1 h after infusion), we injected animals intrave-
nously with 35S-labeled cysteine and methionine (11.05 ul/g body
weight, totaling 1 uCi/g). We then allowed 15 min for amino acid incor-
poration before perfusion (as above). Formalin-fixed brains were cut at
100 wm using a vibratome and mounted. Slides were placed under Kodak
BioMax MR X-Ray (PerkinElmer) film and kept for 24—36 h. Developed
films were scanned as grayscale digital images and analyzed using Image]J.
Regions of interest were drawn around the HPC for each hemisphere at
and near the level at which infusions/recordings were made and light
intensity values were measured in these regions. These values were ob-
tained from a standard scale of 0 to 255, with 255 being bright and 0 being
dark. In terms of radioactivity, a higher value on this scale indicated less
amino acid incorporation (and thus less protein synthesis). To measure
differences in protein synthesis between the two hemispheres, we ana-
lyzed the same region of interest across both sides at the actual coronal
level of the recording site, as well as two slices anterior and two slices
posterior to this position. This gave us a total of five slices, which trans-
lated to a 500 wm range. Two measures for each region were obtained:
average light intensity (on a scale from 0 to 255) and the percentage area
above an intensity threshold. The threshold value was determined empiri-
cally by confirming that light intensity readings obtained for brain free re-
gions (hole punch) were brighter than threshold and that readings
corresponding to white matter (myelinated) regions of the autoradiograph
were lower. One-tailed paired t tests were used to calculate significant differ-
ences between the hemispheres.

Data analysis. Time and frequency domain analyses were computed
from electrophysiological signals using code written in MATLAB (Math-
Works) as detailed in our previous publications (Wolansky et al., 2006;
Clement et al., 2008; Schall et al., 2008; Sharma et al., 2010). Power
spectra were estimated for field signals and power at the fundamental
frequency for each state was extracted. For multiprobe recordings, we
computed power and cross-phase profiles as a function of depth (Wolan-
sky et al., 2006; Clement et al., 2008; Schall et al., 2008; Sharma et al.,
2010). Multiunit activity was extracted from high-frequency sampled
recordings by bandpass filtering between 500 and 3000 Hz and analyzed
by computing the root mean square (RMS) of the traces in ClampFit 9.0
(Molecular Devices). The RMS of multiunit activity before infusion was
normalized to minimum and maximum values across the different mul-
tiprobe sites. Current source density (CSD) analysis was computed as a
three-point spatial differentiation procedure (Wolansky et al., 2006;
Clement et al., 2008; Schall et al., 2008; Sharma et al., 2010).
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Intrahippocampal administration of ANI disrupts spontaneous hippocampal theta and SO field activity. A, Raw LFP traces during theta, from neocortical and both contralateral and

ipsilateral hippocampal sites before and following an infusion of 100 g of ANI. Only the ipsilateral hippocampal site shows suppression at short (30 min) and long (150 min) time points after
infusion. B, Spectral analysis of hippocampal traces shown in A. Depression of power across the entire bandwidth is observed for theta samples in the ipsilateral but not contralateral HPC at the 150
min post period. Across all experiments (C), there were significant (***p <<<< 0.01) suppressive influences of ANI on the mean spectral power in the ipsilateral HPC during theta at 30, 90, and 150

min after infusion. Error bars indicate SEM.

Comparisons of measures were made across manipulations. To eval-
uate the effect of the infused drugs on brain activity, ratios or differences
of postinfusion to preinfusion activity were computed for each hemi-
sphere, yielding a measure of change in activity as a result of infusion. We
used one-tailed paired ¢ tests to measure any differences between the two
hemispheres in LFP measures. One-tailed, one-sample f tests were also
conducted on the ratios or differences of postinfusion to preinfusion
activity values in the ipsilateral HPC to determine whether the change in
activity (if any) after infusion was statistically significant.

To gauge the relationship between the degree of protein synthesis
inhibition and neural suppression, we divided our protein synthesis sup-
pression measures into three bins corresponding to low (0-33.33%),
medium (33.33-66.67%), and high (66.67-100%) suppression values. In
each bin, we then calculated the average value = SEM of our neural
activity measures. In addition, we performed both simple linear regres-
sion as well as multiple regression analysis of the raw protein synthesis
suppression measures against the raw neural activity measures.

Results

Histology

Ipsilateral and contralateral single-electrode sites were found
mostly in the apical dendritic region of CA1, close to the hip-
pocampal fissure in stratum lacunosum-moleculare (SLM).
Some placements were lower, in both stratum moleculare
(SMol) and stratum granulosum (SGran) of the dentate gyrus
(DG), while a few were higher in stratum radiatum (SRad) and
stratum oriens (SOr) of CAl. Multiprobe tracks were con-
firmed to fall in a plane that traversed the CAl region of the
HPC, passing through the hippocampal fissure and the DG
ending in either the hilar region or as far as the ventral blade of
SGran. Cannula tips were located in more posterior sections
within CA1l, typically adjacent to stratum pyramidale (SPyr)
with some locations in the apical dendritic layers. Experiments
in which cannula tips were above the fimbrial surface were
treated as missed (control) placements. Histological place-
ments for autoradiographic tissue were verified by visualizing
tracks in fresh tissue slices using a stereoscope.

Anisomycin infusions prominently reduce spontaneous LFP
activity in the hippocampus

By making long-term LFP recordings from the nCTX and HPC in
urethane-anesthetized rats, we were able to sample alternating
epochs of both activated and deactivated states (Wolansky et al.,
2006; Clement et al., 2008; Dickson, 2010). The activated state
was characterized by low-voltage fast activity in the nCTX and a
prominent theta rhythm of 3—4 Hz in the HPC (Bland, 1986;
Buzsaki, 2002). The lower frequency of this rhythm is typical for
that recorded under urethane anesthesia (Kramis et al., 1975;
Vanderwolf et al., 1977; Clement et al., 2008). The deactivated
state was characterized by a high-amplitude low-frequency SO of
~1 Hz that appeared at both hippocampal and neocortical sites
(Steriade et al., 1993; Amzica and Steriade, 1997; Isomura et al.,
2006; Wolansky et al., 2006). The SO is an archetypal signature of
non-REM sleep and is thought to be important for the consoli-
dation of memories (Steriade, 2006; Marshall and Born, 2007;
Dickson, 2010; Hanlon et al., 2011). These two oscillatory states
are mutually exclusive and involve different, but perhaps over-
lapping neuronal networks (Isomura et al., 2006; Wolansky et al.,
2006).

Infusions of ANI (100 ug in 1 ul) profoundly suppressed
ongoing LFP activity in the ipsilateral hippocampus as shown in
Figure 1A. This effect occurred for both theta and the SO (data
not shown), was maximal at 20—30 min after infusion, and lasted
for the entire length of our recordings (in some cases, from 4 to
6 h). This suppressive effect was not preceded by any local path-
ological electrophysiological activity (i.e., electrographic seizure,
spreading depression) that could also cause neural silencing.
Spectral analysis revealed that the depression of power occurred
across the bandwidth of the signals (Fig. 1 B). Across eight exper-
iments using one-tailed paired t tests, a significant reduction in
power was found during theta (evaluated at 3.63 = 0.05 Hz) at 30
min (93.46 * 0.03% decrease; t;, = —28.48, p < 0.00001), 90
min (90.62 * 3.5%; t;y = —25.78, p < 0.00001), and 150 min
(88.32 = 5.54%; t;, = —15.95, p < 0.00001) after infusion.
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During SO, a significant power suppres-

sion at 0.99 *+ 0.027 Hz was found at 30 A
min (68.92 * 10.70% decrease; t, =

—6.44,p = 0.00018) and 90 min (41.20 = E
20.25%; t;, = —2.03,p = 0.04066), but
not at 150 min after infusion (35.80
21.70% decrease; t;) = —1.65, p
0.07152). In contrast, no suppression was
observed at these time points at either
contralateral hippocampal or neocortical
sites. Infusions of the same volume of ve-
hicle (PBS) within the HPC (n = 3) in
addition to ANI infusions at neocortical
sites above the HPC (n = 2) had no effect
on ipsilateral hippocampal LFPs evalu- .
ated in the same time frame.
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ilar to previous results (Bland, 1986;
Buzsaki et al., 1986; Bragin et al., 1995;
Leung, 1998; Buzsaki, 2002; Isomura et
al., 2006; Wolansky et al., 2006; Schall et
al., 2008; Nazer and Dickson, 2009;
Sharma et al., 2010). Specifically, theta
profiles had power maxima on either
side of SPyr of the CA1 subfield with a
phase reversal as well as a power mini-
mum just below SPyr in proximal SRad;
the largest maximum was close to the
level of the hippocampal fissure. During SO, there was no
phase reversal within the HPC but there was a phase shift and
power maximum close to the location of the hippocampal
fissure.

As shown, and across experiments, no significant changes to
either the shape or the amplitude of these profiles in either state
were observed with infusions of PBS vehicle (Fig. 2A). After in-
fusion of 100 ug of ANI in 1 ul, the laminar profile during both
states demonstrated a significant disruption (Fig. 2 B). Significant
reductions were observed in power values across all experiments
(SO: tg) = 2.37, p < 0.02766; theta: ., = 2.68, p < 0.01828), and
there was a general flattening of the profile itself, which suggested
that a reduction in active current generation was occurring fol-
lowing infusions across both states in the HPC.

Figure2.

1 1I0
Power (mV?)

100 1,000 100 1,000

Power (mV?)

Hippocampal spectral profiles are flattened by local ANl infusions. Spectral analysis was conducted on multiprobe LFP signals
taken from the hippocampus at the positions indicated in the histological drawings to the right of the plots. Laminar power profiles across
depth were plotted for the theta band (3— 4 Hz; left panels) and the SO band (0.5—1.5 Hz; right panels) for activated and deactivated states,
respectively. Representative profiles for theta and SO activity show characteristic shapes and do not change as a result of ipsilateral PBS
infusions (A) but are markedly compressed following ipsilateral infusions of ANI (B). Schematic drawings indicate multiprobe tracks. The
black lines indicate the profile before infusion, while the red lines represent the profiles 90 min following each respective infusion.

Confirmation of this effect was observed following CSD anal-
ysis. ANI infusions essentially eliminated spontaneous extracel-
lular current flow during both theta and SO states (Fig. 3A, B). By
characterizing and comparing the RMS of spontaneous CSD
fluctuations at the level of SLM (where the largest sink—source
alternations occur during both theta and SO) as well as more
generally across all depths preinfusion and postinfusion, we were
able to quantify this effect across eight experiments. As shown in
Figure 3C, ANI prominently (and significantly) reduced the am-
plitude of SLM CSD fluctuations during both SO and theta, at all
time points sampled (30, 90, and 150 min after infusion). In
addition, when CSD fluctuations were evaluated across all elec-
trode sites within the HPC, ANI significantly reduced the net
RMS during both SO (62.42 * 0.09%; t,, = —6.94, p = 0.00011)
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SPyr and SGran was significantly attenu-
ated by ANI during both SO (t,,, = 4.08;
p = 0.00057) and theta (¢4, = 3.70; p =
0.0012).

Anisomycin eliminates hippocampal
evoked potentials

Given its profound effect on spontaneous
activity, we assessed whether electrically
evoked potentials were also suppressed by
ANI. Concomitant with the suppressive
effect on spontaneous sink—source fluctu-
ations generated during theta, ANT infu-
sions also eliminated extracellular current
flow in CA1 evoked by electrical stimula-
tion of contralateral CA3. As shown in
Figure 5, the prominent current sink gen-
erated in SRad as well as the associated
current sources in SPyr and SLM were
abolished by treatment with ANI. Across
all experiments (n = 4), this effect on the
evoked sink at SRad following ANI infu-
sion was significant (¢;) = 16.92; p =
0.00002). This suggests that all forms of
electrical activity in the hippocampus,
both spontaneous and evoked, were elim-
inated by ANL

source

Anisomycin infusions do not induce
cell death in hippocampus

Since ANI is known to induce apoptosis, a
potential explanation for the neural sup-
pression following ANI infusions is the in-
duction of cell death (Iordanov et al.,
1997; Adams, 2003; Rudy, 2008). To as-
sess this possibility as an explanation for
the suppression of neural activity in our
experiments, we performed Fluoro Jade B
staining, which is known to label cells dy-
ing by either apoptotic or necrotic mech-

Pre 30 90 150
Min post infusion

Figure 3.

(SD scale for theta: —15to 15 mV/mm 2.

and theta (56.92 * 0.09%; t,, =
measured 30 min after infusion.
Cellular (unit) activity also appeared to be silenced by ANI
infusions, an observation that we first noted when reinserting
probes into the ipsilateral HPC directly following infusions. To
characterize this effect in real time, we recorded multiunit activity
using the multiprobe at both CA1 and DG cellular layers simul-
taneously during preinfusion and postinfusion periods. ANI, but
not vehicle (PBS), completely suppressed unit activity in both
SPyr and SGran as assessed at a latency of 30 min (Fig. 4). On
average (across 16 experiments), multiunit activity RMS within

—6.20, p = 0.00022), when

Pre 30 90
Min post infusion

Intrahippocampal ANl infusion eliminates local current flow during both theta and slow oscillation states. A, During
theta and SO, CSD plots show prominent rhythmic sink/source alternations at the level of SLM of CA1 and are paired with opposing
source/sink alternations at the level of SRad. B, Following ANl infusion, all extracellular current movement is eliminated. C, Across
all experiments, the suppression of CSD RMS at SLM is significant, dramatic, and long-lasting (***p <<<< 0.01; **p << 0.01;*p <
0.05). Error bars indicate SEM. Abbreviations: SPyr, stratum pyramidale; SRad, stratum radiatum; SLM, stratum lacunosum mo-
leculare; fiss, hippocampal fissure; SMol, stratum moleculare; SGran, stratum granulosum. CSD scale for SO: — 25 to 25 mV/mm 2

anisms (Schmued and Hopkins, 2000).
Positive and consistent Fluoro Jade B la-
beling was observed in neocortical regions
abutting trephine holes in the skull, where
we purposely damaged the pial surface to
induce local cellular death (Fig. 6 A). Despite
positive staining in these regions, we found
no systematic labeling in either the con-
tralateral HPC or ipsilateral HPC (Fig.
6B,C), despite significant neural suppres-
sion in the latter. Given the lack of ipsilateral
hippocampal staining, this demonstrates
that the electrophysiological suppression induced by ANI does not
occur as aresult of neuronal cell death, atleast during the time course
of our acute recording experiments.

150

Protein synthesis inhibitors unilaterally inhibit amino acid
incorporation and neural activity

Given the profound and consistent suppressive effect of local
infusions of ANI on the electrical activity of the HPC, we hypoth-
esized that protein synthesis itself plays an important role in
maintaining neural activity. To first confirm that ANT was indeed
inhibiting protein synthesis in the ipsilateral HPC, we assessed
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Intrahippocampal ANl infusions abolish multiunit activity (MUA). A, Simultaneous multiunit activity filtered traces from the multiprobe at different levels in the HPCipsilateral to the

side of infusion. Cellular activity is observed at both the CA1 pyramidal (SPyr) and dentate granule cell (SGran) layers before infusion, but not following. Background noise is slightly reduced in the
cell sparse region of SLM. B, Across all experiments, there was a dramatic (and significant) suppression of multiunit activity RMS following ANl infusions. Error bars indicate SEM.

the incorporation of radiolabeled cysteine
and methionine using autoradiography
following our postinfusion recordings. In
initial experiments, we found that the in-
fluence of 100 ug/1 wl infusions on incor-
poration of radiolabeled amino acids was
apparent in both the ipsilateral HPC and
the medial portion of the contralateral HPC.
To minimize the contralateral influence, we
infused one-half of this dose (50 ug in 0.5
wl) after first confirming that it would have a
similar suppressive effect on electrophysio-
logical measures. Over 10 experiments (and as
shown in theleft panel of Fig. 7A), the suppres-
sion of CSD RMS at 30 min after infusion was
significant in the ipsilateral HPC compared
with the contralateral HPC: At the level of the
SLM, there was a significant decrease in the
CSD RMS during the SO (67.02 % 10.30%
decrease; t4) = —6.51, p = 0.000055) and
theta (72.84 * 12.0% decrease; 5, = —6.07,
p = 0.00015). This decrease was also signifi-
cant across all layers for both SO (37.97 =
15.35% decrease; tg) = —2.47, p = 0.01767)
and theta (47.71 * 11.79% decrease; tg, =
—4.05, p = 0.00185). Accordingly, the incor-
poration of radiolabeled amino acids was also
strikingly different across the hemi-
spheres. In the contralateral HPC, ana-
tomical features (i.e., cell layers) and
laminar striations could be clearly seen as
darkened regions, while in the ipsilateral
HPC a more uniform distribution of elevated light intensity val-
ues was observed, indicating little incorporation. A representa-
tive example of the raw autoradiogram is shown in Figure 7A.
Using our light-intensity threshold measure, we were able to
characterize the proportion of HPC area showing minimal amino
acid incorporation and thus maximal protein synthesis inhibition.
Using this measure, the percentage area of minimal incorporation in
the ipsilateral HPC was 72.58 * 9.82% compared with only 7.80 =
2.57% in the contralateral HPC (t, = —7.17; p = 0.00005). In
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contrast, vehicle infusions (n = 4; Fig. 7C) induced neither a de-
crease in amino acid incorporation (f;) = 1.83; p = 0.86047), nor a
decrease in CSD RMS activity at SLM (SO: 6.22 = 5.20% increase;
ty = 1.19, p = 0.85084; theta: 2.99 * 6.66% decrease; £, = —0.45,
p = 0.33865) or even across all layers (SO: 4.63 * 12.92% increase;
t3y = 0.36, p = 0.62803; theta: 0.54 = 7.04% increase; t3) = 0.08,
p = 0.52812). Thus, we could demonstrate a significant inhibition of
protein synthesis in the HPC that was limited to the hemisphere
ipsilateral to infusion and that was uniquely associated with suppres-
sion of ipsilateral neural activity.
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C

ipsilateral HPC

ANI infusions that suppress hippocampal activity do not elicit hippocampal cell death. Expansion photomicrographs from a single histological section are shown from Fluoro Jade

B-treated brain slices. The left inset panels show suprathreshold (positively stained) cells, while the right inset panels show the locations at which images were taken. A, Many positively stained
(dead or dying) cells were observed in superficial cortical regions damaged by skull trephination and pial damage. However, no systematic staining was observed in either the contralateral HPC (B)
oripsilateral HPC (). In this experiment, CSD RMS analysis at the level of SLM showed an 87.54% decrease in activity during SO and an 86.93% decrease during theta (across all probe channels this
decrease was 78.02% during SO and 74.53% during theta) when assessed 30 min following ANl infusion (50 g in 0.5 wl).
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Figure 7.  Intrahippocampal ANI and CHX infusions induce dramatic and significant de-
creases in both protein synthesis and hippocampal activity. Infusions of 50 g of ANIin 0.5 .l
(A) and 20 g of CHXin 0.5 wl (B) significantly decreased the incorporation of radiolabeled
amino acids and CSD RMS in the ipsilateral HPC, while vehicle (PBS) infusions (€) had no effect
on either parameter. Error bars indicate SEM.

To further assess the association between protein synthesis
inhibition and electrophysiological suppression, we used a differ-
ent translational inhibitor, CHX (Fig. 7B). We infused 20 ug of
CHXin 0.5 ul using the same protocol described above. Similarly
to ANI, CHX significantly suppressed both CSD and multiunit
activity measures recorded in the ipsilateral HPC across six ex-
periments. For CSD, we found a significant effect for SO (23.74 =
5.76% decrease; t5) = —04.12, p = 0.00458) as well as for theta
(30.26 = 9.28% decrease; t5) = —3.26, p = 0.01123) at the level
of SLM. This difference extended to RMS measures across all probe
channels as well (SO: 20.74 = 4.71% decrease; t5, = —4.40, p =

0.00351; theta: 16.81 = 7.98% decrease; t5) = —2.11, p = 0.04448).
The same was true for multiunit activity during both SO (¢, =
4.59; p = 0.00295) and theta (¢, = 3.38; p = 0.00986). Using
autoradiography, we found significant differences in the amount
of amino acid incorporation between hemispheres: the percent-
age area of the ipsilateral HPC showing maximal protein synthe-
sis inhibition was 73.54 * 16.32%, which was significantly
different from that found in the contralateral HPC (4.99 =+
1.69%; t(5) = —4.48, p = 0.00327). These results (shown in Fig.
7B) further support the notion that intact protein synthesis is
required for neural activity.

Suppression of neural activity is correlated with the degree of

protein synthesis inhibition

To make a systematic investigation of the relationship between
the degree of protein synthesis inhibition and the degree of neural
suppression induced, we infused a range of dosages of ANI (25,
12.5,and 0.5 ug; each in 0.5 pl) across different experiments. We
confirmed with our autoradiographic measure (percentage area
of maximal protein synthesis inhibition) that there was a suffi-
cient degree of variation of amino acid incorporation across these
experiments. By grouping data based on the degree of protein syn-
thesis inhibition (low, medium, high) and assessing the average ex-
tent of neural suppression in each of these groups, we confirmed that
there was a direct relationship; as protein synthesis inhibition
increased, so too did the degree of neural inactivation (Fig. 8).
Indeed, across all our experiments, there was a significant posi-
tive linear relationship between the raw values corresponding to
protein synthesis inhibition and the degree of neurophysiological
suppression for both CSD (SO: r(31) = 0.55, p = 0.000419; theta:
r(31) = 0.47, p = 0.002893) and multiunit activity (SO: r(30) =
0.36, p = 0.02102; theta: r(29) = 0.32, p = 0.03653) measures that
further supported this relationship. A significant relationship be-
tween the neurophysiological suppression of CSD RMS across all
hippocampal contacts and protein synthesis inhibition was also
found (SO: r(31) = 0.37, p = 0.016; theta: 7(31) = 0.49, p =
0.00198). Furthermore, by combining the two different autoradio-
graphic measures (percentage area of maximal protein synthesis
inhibition and average light intensity values in the same area) in a
stepwise multiple regression model, we could account for 60%
(r* = 0.60) of the variance in total CSD RMS suppression and
>20% (r*> = 0.22) of the variance in multiunit activity suppres-
sion. This is further evidence of a link between intact protein
synthesis and electrical neuronal signaling.
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Figure 8. Increased inhibition of protein synthesis is correlated with an increased suppres-
sion of neural activity. Experiments were grouped according to the degree of protein synthesis
inhibition measured using autoradiography to compare the degree of suppression of neural
activity measures. The decrease in both CSD (A) and multiunit activity (MUA) (B) measures were
directly scaled to the degree of decreased incorporation of radiolabeled amino acids in the
ipsilateral HPC. Error bars indicate SEM.

Discussion

Our findings clearly demonstrate that local applications of ANI
profoundly suppressed (and often completely abolished) neural
activity. In the HPC, this effect was observed for both spontane-
ous and evoked LFPs as well as both CSD and multiunit activity
measures. This suppression was fairly rapid (peaking within
20-30 min) and long-lasting (>4-6 h). The abolition of hip-
pocampal neural activity was not due to cell death and was not
preceded by pathological activity that might have induced a sup-
pressive effect. It was more likely due to the specific effect of ANI
on protein synthesis since a similar effect was observed with CHX
and there was a significant relationship between the degree of
neural suppression and the extent of protein synthesis inhibition
as characterized by autoradiography.

The implications for these results are twofold as follows: (1)
The use of local applications of ANT in past, present, and ongoing
behavioral studies is likely to be confounded by its suppressive
effects on neural activity, and (2) intact protein synthesis may be
necessary for spontaneous and evoked neural activity.
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Implications of the use of intracerebral anisomycin

The history of the use of protein synthesis inhibitors in memory
research has been fraught with controversy. However, it has been
explicitly proposed (and also implicitly accepted) that the direct
intracerebral applications of presently used translational inhibi-
tors such as ANI and CHX have few confounding side effects
(Davis and Squire, 1984; Hernandez and Abel, 2008). In recent
years, however, this assertion has been revisited. For example, it
has been noted that ANI can induce active cell death (Rudy,
2008). Although this might well have explained our present
observations on neural activity measures, we found no evi-
dence for ANI-induced neuronal death using the marker
Fluoro Jade B, at least during the time frame of our experi-
ments. Regardless, the importance of the potential induction
of neuronal death occurring in a more extended time frame
would certainly be important in interpreting amnestic behav-
ior assessed over a longer duration.

Another criticism of ANT is that local infusions cause a rapid
(within 15-30 min) and catastrophic elevation (between 1000
and 17,000% increase) in the local extracellular levels of a host of
endogenous neuromodulators such as norepinephrine, dopa-
mine, and serotonin. These increases are subsequently followed
by a substantial and long-lasting depression of presumed release.
Together, these results suggest an obvious impairment of neural
function (Canal et al., 2007; Qi and Gold, 2009). Although we did
not perform a similar analysis of the constituents of the extracel-
lular fluid in the HPC, given the profound suppression of local
electrical neural signaling, we feel that any effect of changing
levels of extracellular neuromodulators may well be moot, espe-
cially since the onset of neural suppression occurs in the same
time frame as the initial increase in release and outlasts this event.
It may be that a neurochemical influence of ANI may simply
reflect a compensatory or corollary effect of that which produces
neural silencing; however, this remains to be shown explicitly.

Certainly, it is the case that the impairment of spontaneous
and evoked neural activity produced by ANI would adversely
affect behavioral measures. Interestingly, the translational inhib-
itor puromycin was also shown to silence neural activity when
administered intracerebrally (Cohen et al., 1966), and this find-
ing led to the discontinuation of its use in behavioral memory
paradigms. However, ANI has been staunchly defended as pro-
ducing no such effects (Davis and Squire, 1984; Hernandez and
Abel, 2008). Indeed, ANI has been routinely used in in vitro stud-
ies of neuroplasticity with little apparent influence on evoked
potential measures, synaptic transmission, nor on passive or ac-
tive membrane properties, suggesting that it has no detrimental
effects on electrophysiological functioning per se (Schwartz et al.,
1971; Frey et al., 1988, 1993). However, it should be noted that
these studies (and those following) used concentrations of ANT in
the 15-25 uMm range and those conducted in vivo used effective
concentrations that are >4 orders of magnitude larger (226 —452
mM) (Wanisch and Wotjak, 2008). Given that we reported a
concentration-dependent effect that was actually coupled to the
degree of protein synthesis inhibition evoked within the relatively
large area of the dorsal hippocampus, we presume that the rela-
tive speed and volume of tissue that were pharmacologically im-
pacted were important factors affecting our electrophysiological
measures. In this respect, we note that incorporation studies us-
ing lower concentrations of ANI demonstrate an incomplete (al-
beit a significant) inhibition of protein synthesis (Frey et al., 1988;
Wanisch and Wotjak, 2008). Regardless, there is an obvious mis-
match in terms of the dosage (and the potential confounds asso-
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ciated) between the in vitro and in vivo paradigms and thus little
to be gained in terms of comparisons.

We also note that our results are consistent with previous
findings in which ANI infusions into the motor cortex were
shown to disrupt the functional representation of the motor map
via microstimulation as well as abolishing cortical evoked poten-
tials (Kleim et al., 2003). Although this former study was inter-
preted as meaning that the motor cortex exhibited ongoing
protein synthesis-dependent ability that was required to main-
tain its functional organization, we suggest instead that they are
more consistent with a suppressive effect on neural activity and
we suggest that they should be reevaluated in this light.

Our results show that ANI (as well as CHX) induces a neural
silencing effect that appears similar to local infusions of agents
such as the Na™ channel blocker tetrodotoxin, the local anes-
thetic lidocaine, or the GABAergic agonist muscimol (Packard
and McGaugh, 1996; Ambrogi Lorenzini et al., 1999; Chang and
Gold, 2003; Klement et al., 2005), although the ANT effect in this
respect is certainly not as fast. It should be noted in this regard
that the maximal dosages used in our study were either equivalent
to or one-half of the effective amounts used in prior behavioral
consolidation studies (Wanisch and Wotjak, 2008). This suggests
that the suppressive effects on neural activity would be expressed
to an even greater degree and in a more widespread fashion in
experiments using even higher doses of ANI. At a minimum, our
findings present a serious confound for the behavioral interpre-
tation of experiments using intracerebral application of this
translational inhibitor.

Can neural inactivation caused by protein synthesis
inhibition explain prior behavioral results?
The de novo protein synthesis hypothesis of memory consolida-
tion has achieved almost axiomatic status based on a long history
of experiments using intracerebral applications of protein syn-
thesis inhibitors like ANI and CHX (for review, see Davis and
Squire, 1984; Kandel, 2001; Nader, 2003; Dudai, 2004; Alberini,
2008). Our results suggest an alternative explanation; amnestic
effects may more simply be a result of neural silencing. It is cer-
tainly the case that posttraining lesions, inactivation, or disrup-
tion of the hippocampus induces an amnestic syndrome for the
pretraining period (Bohbot et al., 1996; Prado-Alcala et al., 2006;
Wiltgen et al., 2006; Biedenkapp and Rudy, 2009; Bissiere et al.,
2011; Goshen et al., 2011). Therefore, posttraining intracerebral
infusions of ANI could be expected to induce amnesia via neural
inactivation, if memory was tested in a retrieval window during
which this inactivation was still present. Indeed, even the finding
oflong-term (but not short-term) amnestic effects observed with
pretraining or cotraining intrahippocampal infusions of ANI
(Quevedo etal., 2004; Canal and Gold, 2007) could be considered
as retrieval (and not consolidation) failures, since (1) animals can
learn and remember these tasks without an active hippocampus
and (2) any mismatch of the state of activity/inactivity of the
hippocampus at retrieval compared with acquisition will prevent
memory expression, a phenomenon referred to as overshadow-
ing (Maren et al., 1997; Biedenkapp and Rudy, 2009; Sutherland
et al., 2010). This has been acutely shown by Biedenkapp et al.
(2009), who demonstrated a recovery from “amnesia” during
memory testing simply by reinactivating the hippocampus in an-
imals that were trained initially under conditions of hippocampal
inactivation.

Given our results, we feel that the amnestic effects of transla-
tional inhibitors that have been described in past literature can be
more accurately explained by the neural silencing induced by
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ANT and the phenomenon of overshadowing. This may extend to
the more recently described phenomenon of reconsolidation as
well (Debiec et al., 2002).

Is protein synthesis necessary for neural activity?

More generally, our results could be taken to suggest that intact
protein synthesis is a prerequisite for normal electrophysiological
signaling in the nervous system. This was actually a downplayed (and
widely overlooked) conclusion of classic work on the influence of
inhibition of amino acid incorporation on spontaneous pacemaker
activity in the nervous system of Aplysia (Schwartz et al., 1971).
Upon careful consideration, the idea that translational block would
leave other cellular operations intact seems grossly implausible.
There are a host of protein classes that are integral for cellular
function; namely, enzymatic, cytoskeletal, metabolic, signaling,
as well as membrane-associated peptides (e.g., pore-forming
complexes) that would be essential for neuronal excitability itself.
As well, the essential role of protein synthesis in other cellular
organelles, such as mitochondria, must also be carefully consid-
ered given their role in cellular respiration (Huchzermeyer et al.,
2008) and the generation of ATP (Kann and Kovacs, 2007). Given
the massive interdependencies of protein—protein interactions at
a subcellular level, even the impairment of one class or even a
single protein could be expected to compromise general cellular
physiology.

Indeed, evidence exists to suggest that specific individual pro-
tein products are necessary for neural activity. In a particularly
well designed study (Neumann et al., 1995), researchers intro-
duced antisense oligonucleotides (OGN?s) to cells in the supraop-
tic nucleus (SON) of rats. These OGN’ were designed as specific
transcriptional blocks for the neuropeptides vasopressin and
oxytocin, which are expressed by different subsets of cells in the
SON. Incorporation of the antisense OGN for vasopressin by
vasopressin-expressing neurons (but not oxytocin-expressing
neurons) silenced spontaneous spiking activity, and also sup-
pressed responsiveness to both antidromic and chemical stimu-
lation. An identical effect was found when presenting antisense
OGN for oxytocin to oxytocin-expressing (but not vasopressin-
expressing) neurons. No effects were observed with the presen-
tation of scrambled OGNS to either type of neuron. In another
study (Garcia-Osta et al., 2006), intracerebral delivery of anti-
sense OGN for a brain-expressed and muscle-specific tyrosine
kinase receptor (MuSK) disrupted the ability of the local hip-
pocampal network to generate theta activity in vitro. These results
suggest that specific protein products of a neuron are a vital part
of its ability to function on its own and within a network; inhib-
iting just one product can have devastating effects on electrical
activity and responsiveness. Indeed, recent evidence also suggests
that the converse is true—that upregulation of a given protein
product can serve to enhance neural activity. For instance, it has
been shown that the enhancement of CREB levels in the brain
increases neuronal activity and excitability, as well as the prefer-
ential recruitment of these neurons in memory traces (Lopez de
Armentia et al., 2007; Zhou et al., 2009; Josselyn, 2010). Indeed, it
may also be that the natural circadian regulation of transcrip-
tional and translational factors (coupled to protein expression) in
the suprachiasmatic nucleus influences spontaneous neuronal
activity and excitability of these cells as well (Herzog et al., 1998;
Ikeda, 2004). Thus, these collective findings suggest far broader
implications for studies using molecular biological manipula-
tions of the nervous system.
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Conclusions

Here, we have shown that intrahippocampal applications of the
translational inhibitors ANT and CHX, in concentrations equiv-
alent to or less than those that have been shown to produce ret-
rograde memory impairments, profoundly disrupted and in
some cases abolished both ongoing and evoked hippocampal
neural activity. These effects were not due to cellular death; how-
ever, they were correlated with measures of protein synthesis
inhibition. This constitutes a serious confound for the use of
these agents in memory research—regardless of where they are
applied in the brain.

The broad implication of our findings is that it is unlikely that
molecular processes within neurons can be independently disso-
ciated from their electrical signaling mechanisms. This is sup-
ported by the correlation we found between the degree of protein
synthesis inhibition and the resultant inhibition of neural activ-
ity. Despite the fact that the de novo protein synthesis theory of
memory stabilization has apparent biological validity in terms of
the cellular changes presumed to be necessary for consolidation,
neural activity is even more likely to be essential for this process
(Fonseca et al, 2006). Indeed, if intercellular communication is
disrupted in the nervous system, not only is neural function im-
paired but so too is activity-dependent neuroplasticity. In regard
to memory consolidation, this point is highlighted by the dem-
onstration that the elimination or accentuation of particular
spontaneous activity patterns in the forebrain in the posttraining
period can adversely or positively (respectively) modulate future
recall (Marshall et al., 2006; Girardeau et al., 2009; Nakashiba et
al., 2009; Ego-Stengel and Wilson, 2010). Our findings under-
score the importance of the intervening step of neural signaling in
the leap from molecular biology to behavior.
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