fluorescence optics. The Dil-injected embryos were fixed in 4% paraformaldehyde,
embedded in polyester wax, sectioned at 10 pm, and sections were viewed unstained with
bright-field and fluorescence optics.

HNK-1 staining

Larvae were fixed in 4% paraformaldedyde in PBS for 30 min at room temperature and
then in 100% methanol for 5min at —20 °C. The fixed larvae were washed in PBS
containing 1% Triton X-100, and stained with a 1:20 dilution of HNK-1 antibody
(Biopharmagen) for 24 h at 4 °C using the Vectastain ABC Peroxidase kit (Vector
Laboratories). Antibody incubations and blocking were carried out in 2% Superblock and
controls used non-immune mouse serum.

EtZic isolation and in situ hybridization

The oligodexoynucleotide primers AARGCMAAATACAARCTRATCAACC (forward)
and ACYTTCATGTGCTTSCKRAGRGAGC (reverse) were used to isolate part of an
Ecteinascidia Zic gene by polymerase chain reaction with reverse transcription (RT-PCR)
from total larval RNA. BLAST searches and tree building suggested that EtZic is most
closely related to CsZicr2 (ref. 21), AmphiZic (ref. 22), and the vertebrate Zic2 (refs 18-20)
genes. In situ hybridization with a digoxygenin-labelled probe was carried out as described
previously™.
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Role for a cortical input to
hippocampal area CA1 in the
consolidation of a long-term memory

Miguel Remondes & Erin M. Schuman

Caltech/HHMI, Division of Biology, 114-96, Pasadena, California 91125, USA

A dialogue between the hippocampus and the neocortex is
thought to underlie the formation, consolidation and retrieval
of episodic memories'™, although the nature of this cortico-
hippocampal communication is poorly understood. Using selec-
tive electrolytic lesions in rats, here we examined the role of the
direct entorhinal projection (temporoammonic, TA) to the
hippocampal area CAl in short-term (24 hours) and long-term
(four weeks) spatial memory in the Morris water maze. When
short-term memory was examined, both sham- and TA-lesioned
animals showed a significant preference for the target quadrant.
When re-tested four weeks later, sham-lesioned animals exhib-
ited long-term memory; in contrast, the TA-lesioned animals no
longer showed target quadrant preference. Many long-lasting
memories require a process called consolidation, which involves
the exchange of information between the cortex and hippo-
campus™>>®. The disruption of long-term memory by the TA
lesion could reflect a requirement for TA input during either
the acquisition or consolidation of long-term memory. To dis-
tinguish between these possibilities, we trained animals, verified
their spatial memory 24 hours later, and then subjected trained
animals to TA lesions. TA-lesioned animals still exhibited a deficit
in long-term memory, indicating a disruption of consolidation.
Animals in which the TA lesion was delayed by three weeks,
however, showed a significant preference for the target quadrant,
indicating that the memory had already been adequately con-
solidated at the time of the delayed lesion. These results indicate
that, after learning, ongoing cortical input conveyed by the TA
path is required to consolidate long-term spatial memory.

To assess the role of the TA pathway in the acquisition and
retention of spatial memory in the rat, we identified stereotaxic
coordinates to target the TA axons for electrolytic ablation. We used
histology, electrophysiology, and retrograde tracing techniques to
verify the extent and specificity of the TA lesions. We included in our
behavioural analysis data from animals with relatively restricted
lesions in the stratum lacunosum moleculare, the region where TA
axons terminate in area CAl (Fig. la,b and Supplementary Figs 1
and 2); we excluded animals in which the lesion extended signifi-
cantly into the perforant path input to the dentate gyrus. We
performed electrophysiological recordings on a subset of slices,
and assessed synaptic transmission in the perforant path—dentate
gyrus, TA—CA1l and CAl-subiculum pathways with extracellular
stimulation and recordings (Fig. lc). Brain slices from sham-
lesioned animals showed normal synaptic transmission at all three
sets of synapses (Fig. 1c). Slices from TA-lesioned animals exhibited
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normal synaptic transmission at the perforant path—dentate gyrus
and CAl-subiculum synapses, but a complete loss of synaptic
responses at the TA—CA1 synapse (Fig. 1c). The TA axons originate
in entorhinal cortex (EC) layer III and the trisynaptic pathway
originates in EC layer II. Thus, using a unique set of coordinates,
we injected a fluorescence-labelled retrograde tracer (cholera
toxin subunit B) targeting both the dentate gyrus and CAl and
examined the distribution of fluorescence in the EC layers
(Fig. 1d). Sham-lesioned animals exhibited significant fluores-
cence labelling in both layers II and III, whereas TA-lesioned
animals exhibited significant labelling in layer II only (Fig. 1d).
Taken together, these data indicate that we achieved a restricted
ablation of TA input to CAl without significant damage to the
parallel trisynaptic circuit.

We tested the ability of the TA-lesioned rats to acquire, retain,
consolidate and retrieve spatial information in the Morris water
maze', comparing the performance of sham-, TA- and hippocam-
pal-lesioned animals (Fig. 2a). Animals that received lesions did not
differ significantly from sham-lesioned animals in their ability
to navigate towards a visible platform (Supplementary Fig. 3). As
shown by others, the complete ablation of the hippocampus prior to
training resulted in significant learning impairments’, as indicated
by longer latencies (Fig. 2b) and reduced target quadrant preference
during probe trials (Supplementary Fig. 3b). In contrast, animals

Sham-lesioned

PP == DG

TA = SLM

CA1=+SUB

Sham-lesioned

Figure 1 Specificity of TA lesions. a, Rat brain hippocampal formation with electrolytic
lesion sites''"'® shown in red. b, Representative sections from sham- and TA-lesioned
animals. Scale bar, 250 nm. See also Supplementary Figs 1 and 2. ¢, Representative field
potential recordings from hippocampal slices prepared from sham- or TA-lesioned
animals. PP, perforant path; DG, dentate gyrus; SLM, stratum lacunosum moleculare;
SUB, subiculum. d, Representative images of entorhinal cells labelled by the fluorescent
retrograde tracer (injection positions shown by blue arrows in a). In sham-lesioned
animals the tracer labelled cells in layers Il and lll. In TA-lesioned animals the labelling was
largely confined to layer Il. Scale bar, 100 wm.
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that received lesions restricted to the TA path showed immediate
and short-term (24-h) spatial learning that was indistinguishable
from sham-lesioned controls (Fig. 2¢). Taken together with the
anatomical data (Fig. 1), these data suggest that the hippocampal
output is not substantially affected in the TA-lesioned animals. This
result indicates that the TA input to the hippocampus is not
required for rats to learn the platform location or for short-term
memory.

Memories can be transformed from labile (short-term) to a
relatively stable (long-term) form by a process referred to as
consolidation. Some theories of long-term memory posit that
following initial learning, a prolonged interaction between hippo-
campal and cortical circuits is required to consolidate the memory
at the ‘systems’ level>>®. We reasoned that the TA input might be
important for these post-training cortico-hippocampal inter-
actions. We first tested whether control animals exhibited long-
term memory, assessed four weeks after training, for the target
quadrant. In the absence of any additional (for example, beyond
24h) exposure to the pool, sham-lesioned animals exhibited sig-
nificant preference for the target quadrant four weeks after training
(Fig. 2d), indicating that our training protocol is sufficient to
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Figure 2 TA-lesioned animals exhibit deficits in long-term, but not short-term spatial
memory. a, Experiment time-line. b, Mean escape latencies for sham-lesioned (n = 21),
hippocampal-lesioned (n = 5) and TA-lesioned groups (7 = 10). ¢, Mean time that each
group spent in indicated quadrants during a short-term memory probe trial (24 h after
training ended). Quadrants are left, T (target), right and O (opposite to target). Both groups
showed a significant preference (P = 0.05) for the target quadrant. Error bars depict the
standard error of the mean, s.e.m. Insets are a representative swim path from a single
animal during a probe trial. d, Mean time that each group spent in each quadrant during a
long-term memory probe trial (28 days after training ended). Sham-lesioned animals
(15/21) still showed a significant preference for the target (P = 0.05) whereas, on
average, TA-lesioned animals (4/10) no longer showed significant memory for the target.
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produce both short-term (24 h) and long-term (four weeks) mem-
ory. Surprisingly, the TA-lesioned animals that exhibited significant
target preference when tested after 24 h lost their memory for the
target quadrant when tested four weeks after training (Fig. 2d).
Taken together, these data indicate that TA lesions selectively affect
long-term (~1 month) memory, without affecting short-term
(~24h) memory. These results suggest that the TA input to area
CAl is required for the establishment of a long-term spatial
memory.

The disruption of long-term memory by the TA lesion could
reflect a requirement for TA input to acquire long-term memory, or,
alternatively, could reflect a requirement for TA-conveyed cortical
input to consolidate a long-term spatial memory. To distinguish
between these two possibilities, we lesioned the TA pathway after
training and testing animals for short-term (24 h) memory (Fig. 3a).
Before the administration of lesions, all animals learned the plat-
form location at the same rate (Fig. 3b). In addition, both the sham-
and future TA-lesioned animals showed significant preference for
the target quadrant when examined 24 h after the end of training
(Fig. 3c). Trained animals then received either a sham or a TA
lesion; four weeks later, their preference for target quadrant was
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Figure 3 Disruption of the TA path 24 h after learning resulted in deficits in long-term
spatial memory. a, Experiment time-line. b, Mean escape latencies for the sham-lesioned
(n = 8) and future TA-lesioned (n = 8) groups, which showed similar learning rates.
¢, Mean time that the each group spent in indicated quadrant during a short-term memory
probe trial. Both groups showed a significant preference (P = 0.5) for the target
quadrant. d, Mean time that each group spent in each quadrant during a long-term
memory probe trial. Sham-lesioned animals (7/8) still showed a significant preference for
the target quadrant (P = 0.05), whereas the TA-lesioned animals (0/8) no longer
exhibited memory for the trained location. The groups differed significantly in their target
preference (P = 0.05).
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re-assessed. Sham-lesioned animals still exhibited a significant
preference for the target quadrant (Fig. 3d). TA-lesioned animals,
however, no longer showed memory for the target quadrant
(Fig. 3d). Because the lesion was administered after successful
learning and short-term memory, the impaired performance of
the lesioned animals indicates an ongoing requirement for TA
input for the consolidation and/or retrieval of a long-term spatial
memory, rather than its acquisition.

If the TA-conveyed cortical activity is required for consolidation
of memory then a finite window of vulnerability to perturbation is
predicted. To address this, we conducted an additional set of
experiments in which the TA lesion was executed three weeks
after learning; sham- and TA-lesioned animals were then given a
final probe trial at 30 days (Fig. 4a). As before, prior to the
administration of lesions, all animals learned the platform location
at the same rate (Fig. 4b). In addition, both the sham- and future
TA-lesioned animals showed a significant preference for the target
quadrant when examined 24h after the end of training (Sup-
plementary Fig. 3c). Three weeks later, another probe trial was
conducted and a randomly selected subset of the animals that
exhibited significant target quadrant preference (Fig. 4c) received
TA lesions. Nine days later (on day 30), a final probe trial revealed
that both the sham- and the TA-lesioned animals exhibited a
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Figure 4 Disruption of the TA path three weeks after learning does not abolish long-term
spatial memory. a, Experiment time-line. b, Mean escape latencies for the sham-lesioned
(n = 6) and future TA-lesioned (7 = 9) groups, which showed similar learning rates.
¢, Mean time that each group spent in indicated quadrant during a probe trial conducted
21 days after training. Both groups showed a significant preference (P = 0.05) for the
target. d, Mean time that sham- or TA-lesioned animals spent in each quadrant during a
long-term memory probe trial. Both sham-lesioned (6/6) and TA-lesioned animals (7/9)
showed significant preference for the target quadrant (P = 0.05) and did not differ
significantly from one another.
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significant preference for the target quadrant relative to the other
quadrants (Fig. 4d). Thus, a disruption of the TA input three weeks
after learning failed to disrupt the long-term memory for the
learned quadrant, whereas a TA disruption within 24h (Fig. 3)
abolished the memory. These results indicate that the temporal
window for long-term memory consolidation lasts, on average, less
than three weeks following training.

Previous studies have shown that deafferentation”® or ablation"’
of the hippocampus disrupts the rate of learning and short-term
memory for the platform location in the Morris water maze.
Restricted lesions, however, that target individual pathways in the
trisynaptic circuit have often resulted in little memory impairment.
For example, lesions restricted to the dentate gyrus'® or area CA3'""?
do not affect the acquisition of spatial memory tasks'"'? or the
development and stability of place cells in area CA1'>"*. In addition,
mice possessing a conditional deletion of the NMDA receptor in
area CA3, which abolishes commissural-CA3 long-term poten-
tiation, show normal acquisition of spatial memory in the standard
Morris water maze'. Our results suggest that the normal spatial
learning exhibited by animals with targeted disruptions of the
trisynaptic circuit might be due to information conveyed by the
TA input to area CAL.

Recent studies have shown that TA—CAl synapses exhibit
synaptic plasticity, including LTP'*'® and LTD". Appropriately
timed TA bursting can also modulate Schaffer collateral-elicited
spiking activity'® and plasticity’® in the hippocampal CA1 field.
Transmission at the TA—CAl can also be regulated by neuro-
modulators' that are known to influence spatial memory***'.
These observations provide a potential synaptic framework for
understanding the regulation of memory consolidation by the TA
input.

Thus our data show that animals that received selective lesions of
the TA input to the hippocampus exhibited normal learning and
short-term spatial memory, but failed to maintain the memory for
an extended period of time. In a related experiment, pharmacologic
inactivation of the hippocampus either 1-7 or 7-12 days after water
maze training disrupted the memory for the target quadrant
preference””. In addition, mice heterozygous for an o-CAMKII
mutation show short-term memory for the target quadrant that
decays over a 10-17-day retention period*. In our experiments, a
long-term memory deficit was evident when the TA input was
interrupted before or 24 h after the learning experience, but not
when disrupted three weeks after training, suggesting that the
consolidation period had ended by this time. The observation
that TA-lesioned animals were able to retrieve information about
the correct target 24 h after learning, or when the TA-lesion was
delayed to 21 days after training, argues against a simple deficit in
retrieval. These results indicate that, following learning, ongoing
cortical input conveyed by the TA path is required to consolidate
long-term spatial memory. Coordinated activity between hippo-
campal and cortical circuits has been observed during sleep epi-
sodes®*? often associated with memory consolidation®**. Further
research should aim to establish the precise nature and function
of the TA-conveyed cortical information during memory
consolidation. O

Methods

Standard techniques used for surgical procedures, lesion execution and assessment and
electrophysiology are described in the Supplementary Methods.

Animals

All animals used were male adult Long Evans rats (290-340 g; Charles River or Simonsen).
Use of animals was performed according to the guidelines of the Caltech Institutional
Animal Care and Use Committee.

Morris water maze

A pool 2.0 m in diameter filled with water made opaque with white non-toxic ink (Jazz
Gloss Tempera white, Van Aken International) maintained at 25.0 = 2.0 °C was used. The
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maze was located in a laboratory room, with distal cues at several locations. After a
recovery period of at least ten days after surgery, animals were brought to the behaviour
room (where they were housed for the duration of the training), handled for 1-2 days, and
trained.

The full protocol consisted of seven days in which the first trial was always a probe trial,
that is, there was no platform in the pool, to assess any spatial bias before the initiation of
training and to observe the acquisition of quadrant preference during the previous trials.
In probe trials, the animal was released from the centre of the pool, with its head facing a
different room wall every day; animals were allowed to swim in the pool for 60s. The
quadrant preference was assessed as the percentage of total time rats spent in each of the
four quadrants. The first training day consisted of a probe trial followed by a ‘visible
platform’ trial, in which the platform was indicated by a red/orange flag. After this, rats
were given their first ‘hidden platform’ learning trial, during which they were allowed to
rest on the platform for 30 s before being released from one of the pool’s starting points
(north, south, east or west). Animals were allowed 120s to find the platform and allowed
to stay there for 30 s; if animals did not find the platform in 120 s they were picked up from
the water and put on the platform for 30s.

A block of trials consisted of four trials corresponding to four different
randomized release points. The subsequent four days consisted of one probe trial
followed by two training blocks (a total of eight trials) with at least a two-hour interval
between blocks. To compensate for possible extinction resulting from the daily probe
trial, the first training block (after the probe trial), and this one only, began with the
placement of the rat on the platform for 30s. On the last training day, a single training
block followed the usual probe trial. On the following day animals were given a single
probe trial, 24 h after the last learning trial—this is referred to in the text as the 24-h
probe. Therefore, the total training took six days followed by the last 24-h probe on the
seventh day. The rats were then returned to their home cages and were tested later for
long-term memory 28-30 days after the 24-h probe trial. In two different sets of
experiments, animals were lesioned either immediately after the 24-h probe trial, or after
a 21-day-delay probe trial.

Data were collected by an HVS (UK) system—a charge-coupled device (CCD) camera
connected to a PC card inserted in an IBM-compatible laptop computer. Software tracked
the successive positions of the rat in the pool at a rate of 10 Hz for the duration of each trial.
Data were analysed with the Water 2002 HVS (UK) software, and the summary data were
transferred to Microcal Origin for further analysis and graphic display. The data for
acquisition and retention were analysed by comparing the quadrant preferences and escape
latencies averaged across animals of the same surgical group, using analysis of variance
(ANOVA). The water maze probe data were analysed within group and experiment to assess
quadrant preference, and later analysed between groups (ANOVA and unpaired t-test) to
assess differences between quadrant preferences across different surgical and retention time
groups. Differences were considered statistically significant at P < 0.05.
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The ‘Spanish’ influenza pandemic of 1918-19 was the most
devastating outbreak of infectious disease in recorded history.
At least 20 million people' died from their illness, which was
characterized by an unusually severe and rapid clinical course.
The complete sequencing of several genes of the 1918 influenza
virus has made it possible to study the functions of the proteins
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encoded by these genes in viruses generated by reverse genetics, a
technique that permits the generation of infectious viruses
entirely from cloned complementary DNA. Thus, to identify
properties of the 1918 pandemic influenza A strain that might
be related to its extraordinary virulence, viruses were produced
containing the viral haemagglutinin® (HA) and neuraminidase®
(NA) genes of the 1918 strain. The HA of this strain supports the
pathogenicity of a mouse-adapted virus in this animal*®. Here we
demonstrate that the HA of the 1918 virus confers enhanced
pathogenicity in mice to recent human viruses that are otherwise
non-pathogenic in this host. Moreover, these highly virulent
recombinant viruses expressing the 1918 viral HA could infect
the entire lung and induce high levels of macrophage-derived
chemokines and cytokines, which resulted in infiltration of
inflammatory cells and severe haemorrhage, hallmarks of the
illness produced during the original pandemic®.

The sequence of the HA receptor/fusion gene of the 1918
influenza A virus (H*P) was determined in 1999 (ref. 2), followed
shortly by the NA gene (N*F)?, which codes for the viral sialidase.
These molecules, which represent the major viral surface glyco-
proteins of influenza virus, are important targets of the host
immune response, and critical changes in their structure can expand
the viral host range and enhance the virulence of infection”®.
However, neither protein of the 1918 virus contains sequence motifs
known to be associated with high virulence®’. Attempts to account
for the unusually high virulence of the virus have focused on the
living conditions of soldiers, a highly susceptible group, and of
civilians at the end of the First World War®, as well as on potentially
unique properties of the virus itself'>'". The combination of H¥ and
N°*? in an A/WSN/33 (WSN) (HIN1) genetic background was
shown to be pathogenic in mice without prior adaptation of the
proteins to growth in these hosts*?, usually a prerequisite for
producing a lethal infection in mice with a human virus. However,
WSN itself is both adapted to and highly pathogenic in mice, so it
was not possible to assess the possible contribution that H** and N°*?
had made to the pathogenicity of the recombinant virus. Another
candidate, the non-structural gene of the 1918 virus, had an
attenuating effect when tested in a recombinant virus bearing the
genetic background of A/Puerto Rico/8/34 (HINI), also a
highly pathogenic virus in mice'®. Viruses generated with the
matrix, nucleoprotein and non-structural protein genes of WSN
replaced by the respective genes from the 1918 virus, together
with H* and N*F, were also pathogenic in mice** but not signifi-
cantly more than the recombinant possessing only the H*Y and N°*P
genes. Thus, the molecular basis for the unprecedented virulence of
the 1918 pandemic virus remains uncertain, opening the way for
studies that directly test the contribution of H® and N*P to
pathogenicity.

We therefore used reverse genetics'> to produce a panel of
recombinant viruses containing HP together with N° or the NA
gene of A/Kawasaki/173/2001 (HIN1) (K173) in the background of
the remaining negative-sense RNA gene segments derived from three
influenza viruses: WSN, K173 and A/Memphis/8/88 (H3N2) (M88)
(Table I). All recombinant viruses formed plaques on Madin-Darby
canine kidney (MDCK) cell monolayers in the presence of trypsin
and replicated efficiently to a high titre (data not shown).

To assess the contribution of H*? and N°P to pathogenicity in vivo,
mice were intranasally inoculated with the recombinant and paren-
tal viruses. Each virus possessing H* as well as the WSN virus
replicated to a high titre in the lungs by day 3 post-infection (p.i.;
Table I) and was pathogenic, resulting in serious morbidity and
eventually death. Notably, the K173 and M88 parental human
viruses did not cause discernible morbidity in mice and replicated
to only low titres in the lungs, whereas the K173/H** and M88/H*
viruses, in which the original HA proteins were replaced with H°P,
caused lethal infection in mice. The N*F protein did not contribute
to viral pathogenicity, as viruses containing H” and N* were not
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