
Antiviral Research 91 (2011) 43–49
Contents lists available at ScienceDirect

Antiviral Research

journal homepage: www.elsevier .com/locate /ant iv i ra l
Treatment of spatial memory impairment in hamsters infected with West Nile
virus using a humanized monoclonal antibody MGAWN1

Cynthia A. Smeraski a, Venkatraman Siddharthan b, John D. Morrey b,⇑
a Department of Biomedical Sciences, Animal Reproduction and Biotechnology Laboratory, Colorado State University, Fort Collins, CO 80523, USA
b Institute for Antiviral Research, Department of Animal, Dairy and Veterinary Sciences, Utah State University, Logan, UT 84322, USA

a r t i c l e i n f o
Article history:
Received 30 March 2011
Revised 18 April 2011
Accepted 22 April 2011
Available online 30 April 2011

Keywords:
West Nile virus
MGAWN1
Hamsters
Spatial memory
Monoclonal antibody
0166-3542/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.antiviral.2011.04.011

⇑ Corresponding author. Tel.: +1 435 797 2622; fax
E-mail address: john.morrey@usu.edu (J.D. Morrey
a b s t r a c t

In addition to functional disorders of paresis, paralysis, and cardiopulmonary complications, subsets of
West Nile virus (WNV) patients may also experience neurocognitive deficits and memory disturbances.
A previous hamster study has also demonstrated spatial memory impairment using the Morris water
maze (MWM) paradigm. The discovery of an efficacious therapeutic antibody MGAWN1 from pre-clinical
rodent studies raises the possibility of preventing or treating WNV-induced memory deficits. In the cur-
rent study, hamsters were treated intraperitoneally (i.p.) with 32 mg/kg of MGAWN1 at 4.5 days after
subcutaneously (s.c.) challenging with WNV. As expected, MGAWN1 prevented mortality, weight loss,
and improved food consumption of WNV-infected hamsters. The criteria for entry of surviving hamsters
into the study were that they needed to have normal motor function (forelimb grip strength, beam walk-
ing) and normal spatial reference memory in the MWM probe task. Twenty-eight days after the acute
phase of the disease had passed, MGAWN1- and saline-treated infected hamsters were again trained
in the MWM. Spatial memory was evaluated 48 h after this training in which the hamsters searched
for the location where a submerged escape platform had been positioned. Only 56% of infected hamsters
treated with saline spent more time in the correct quadrant than the other three quadrants, as compared
to 92% of MGAWN1-treated hamsters (P 6 0.05). Overall these studies support the possibility that WNV
can cause spatial memory impairment and that therapeutic intervention may be considered.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Published results of WNV-patient records and surveys indicate
that a subpopulation of patients recovering from the acute West
Nile virus infection complain of problems with memory, in addi-
tion to other neurological sequelae (Carson et al., 2006; Cook
et al., 2010; Gottfried et al., 2005). WNV-induced memory impair-
ment was confirmed in a hamster model as reported in an abstract
(Smeraski et al., 2009) where hamsters were trained for spatial
learning and memory of a submerged platform in a Morris water
maze (MWM). Hamsters were then infected with WNV and re-
trained with the MWM test at 1 month and 2 months later. At
48 h after the acquisition training, these animals had statistically
significant memory loss. Sham-injected hamsters did not develop
the memory loss. These data prompted us to evaluate the ability
of a potent humanized monoclonal antibody, MGAWN1, to prevent
spatial memory loss using the same MWM protocol.

MGAWN1 is being developed by Macrogenics, Inc. for the pos-
sible treatment of WNV disease. A phase 1 safety and pharmacoki-
ll rights reserved.

: +1 435 797 3959.
).
netics study in human volunteers has been completed (Beigel et al.,
2010) and phase 2 and expanded access studies to assess safety
and efficacy in individuals with WNV neuroinvasive disease have
been initiated. These clinical trials were supported by preclinical
rodent studies, in which MGAWN1 (also known as hE16) adminis-
tered once by i.p. injection significantly improved survival in mice
(Oliphant et al., 2005), and improved survival, weight change, and
disease signs in hamsters (Morrey et al., 2006, 2007). It was effec-
tive in hamsters when administered up to day 5 after viral chal-
lenge when infected neurons were identified in the brain. It also
prevented acute flaccid paralysis when administered after the virus
had infected the lumbar spinal cord (Morrey et al., 2008). If treat-
ment were delayed too long (day 6), however, MGAWN1 was not
efficacious (Morrey et al., 2007).

Rodents infected with Theiler’s murine encephalomyelitis virus
(Buenz et al., 2006) and Borna disease virus (Rubin et al., 1998) de-
velop spatial memory loss and had more search errors during
MWM probe trials. These deficits are associated with infection at
the hippocampal formation, particularly at the CA1 and dentate
gyrus that are involved in spatial learning and memory function
(Kandel et al., 2000). As in these viral infections, WNV-infected
cells have also been identified in the hippocampus of infected mice
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(Hunsperger and Roehrig, 2006) and hamsters (Siddharthan et al.,
2009), which provided presumptive evidence that WNV might re-
sult in impaired memory function. Thus, the purpose of this study
was to further evaluate the efficacy of MGAWN on rescuing cogni-
tive functions following WNV challenge. In this study, we hypoth-
esized that a single i.p. injection of WNV-infected hamsters with
MGAWN1 at day 4.5 after challenge could prevent spatial memory
impairment.
2. Materials and methods

2.1. Animals and virus inoculation

Male Syrian hamsters, Mesocricetus auratus (Charles River Labo-
ratories), 9–10 weeks of age were individually housed, given ad
libitum access to food and water, and entrained to a 14 h light:
10 h dark cycle. Prior to inoculation and for approximately 4 weeks
after, hamsters were weighed and handled daily for health assess-
ment, and the amount of food consumed was measured. Consump-
tion was measured by regularly weighing the amount of food
present in the cage, including pieces of food pellets that were cat-
ched in the bedding, and calculating the daily loss. Animal studies
were in compliance with Colorado State University Institutional
Animal Care and Use Committee and the animals were kept in an
AAALAC-accredited biosafety level 3 facility. Hamsters were s.c. in-
jected with 104 plaque-forming units (pfu) of NY99 4132 strain
(crow brain) of WNV. At 4.5 days post inoculation (dpi), 13 ham-
sters were i.p. injected with 32 mg/kg of MGAWN1 (Macrogenics
Inc., Rockville, MD) and 20 hamsters were i.p. injected with sterile
physiological saline. MGAWN1 was the same as hE16 formerly
identified in the literature (Morrey et al., 2006, 2007). Excess ani-
mals were included in the saline (control treatment) group so as
to provide sufficient numbers of surviving animals for the studies
conducted after the acute infection.
2.2. Evaluation of cognitive performance: spatial reference memory

Spatial memory performance was assessed in a Morris water
maze (MWM) probe paradigm, a task widely used to evaluate
learning and memory in rodents (Morris, 1984; Morris et al.,
1986). Treatment groups were not blinded since the readouts were
objective, and since the health of MGAWN1-treated hamsters were
obviously better than the saline-treated hamsters. To be included
in this study, animals underwent pretesting and training in the
MWM to meet behavioral criterion, so as to exclude animals that
are inherently cognitively deficient, easily stressed, or not suffi-
ciently motivated to complete the procedural task (i.e., poor learn-
ers or those with sensorimotor deficits). A timeline of the
experimental paradigm is outlined in Fig. 1. The protocol consisted
of training or acquisition trials, where animals learned the position
of a stationary hidden escape platform, and probe trials, where ani-
mals were allowed to search for the platform, which had been re-
moved from the maze (see details below).

The MWM consisted of a circular basin (150 cm in diameter and
50 cm deep) filled with milk-clouded water (�26 ± 1 �C) and posi-
tioned under a video camera. The circular maze was visually di-
vided into four quadrants. The submerged, hidden ‘‘escape’’
platform was positioned in one of four quadrants of the maze,
and prominent visual cues in the room provided distal spatial ref-
erences to the platform’s fixed position. Swimming animals were
trained to mount the submerged platform in order to escape the
maze. Fifteen acquisition trials over 3 days (5 trials per day) per-
mitted animals to learn the spatial location of the hidden escape
platform. Each trial began by placing a hamster in the water at
any of 8 randomly chosen positions and ended when the animal
mounted the hidden platform or 90 s had elapsed. Animals were
run in squads of 4. Following the last acquisition trial on day 3, a
probe trial was performed with the platform removed, and the ani-
mal allowed to explore or probe the maze for 90 s. The percentage
of time spent in the each of the quadrants in the first 60 s was mea-
sured from playback of recorded video. This initial probe trial was
used to verify whether hamsters had learned the location of the
hidden escape platform during the acquisition trials by exhibiting
a preference for the target/training quadrant where the platform
was previously positioned. A preference for the target quadrant
was exhibited during the probe trial if the time the animal spent
in the target quadrant was greater than 30% of total time (random
occupancy in one of four quadrants is 25%), and was greater than in
any other quadrant, thus indicating that the animal had acquired
the spatial (short-term/working) memory of the escape platform’s
location. Performing well in the initial probe trial (having a bias for
the training quadrant) was used as an indicator that learning and
working memory/short-term memory was intact. Following the
initial probe trial, the platform was then replaced in its original
location and animals received an additional reinstatement trial to
minimize extinction of the escape platform reward. Forty-eight
hours later, a single probe trial (no platform present) was repeated
to measure long-term retention of the platform’s position. Animals
that exhibited poor learning or memory performance (failure to oc-
cupy the target quadrant greater than 30% of the time) during
acquisition and probe trials prior to WNV inoculation were ex-
cluded from the study.

2.3. Evaluation of cognitive performance following WNV inoculation
and MGAWN1 therapy

At 4.5 days after injection with WNV, 13 hamsters were treated
i.p. with a single dose of MGAWN1 (32 mg/kg of body mass)
(Morrey et al., 2006, 2007), and 20 hamsters were treated i.p. with
sterile physiological saline (placebo therapy). A second session of
acquisition trials was performed to assess spatial learning and
memory performance in WNV-inoculated animals with and with-
out MGAWN1 therapy. This second session of spatial acquisition
trials were performed beginning at 28 days after WNV inoculation,
with the fixed hidden platform now positioned in the opposite
quadrant to that in trials that were conducted prior to infection
(Fig. 1). The purpose was to evaluate the animals’ ability to learn
a new spatial position for the platform and secondly, to determine
whether long-term memory of the new spatial position is retained
48 h later on the final retention probe trial. Twenty-eight days is a
time after infection when WNV-infected animals were expected to
have recovered from acute illness, in as much as sickness behavior
was absent, food consumption had normalized, body mass had re-
turned, virus had cleared from the blood, and antibodies specific
for WNV had developed (Morrey et al., 2007; Xiao et al., 2001).
Acquisition trials and subsequent probe tests with the platform
removed were conducted as described above during the pre-
infection period.

To verify that animals could still perform tasks that were not
based on reference memory of distal spatial cues, 5 trials using a
visible platform (cueing) situated above the water were performed
immediately after the 48 h probe trial at 32 dpi. Success of all ani-
mals mounting the platform within the mean of pre-infection
times indicated that animals did not have sustained sensorimotor
impairments that may have affected memory performance.

2.4. Motor function assessment

Animals were periodically (�1�/week, pre- and post-
inoculation) evaluated on motor function by traversing a horizontal
flat beam (8 cm wide, 1 m long), and ladder (13 cm wide, 1 m long),



Fig. 1. Timeline of experimental paradigm for evaluating spatial memory performance in hamsters. Abbreviations: Pretraining, prior to acquisition training, animals first
acclimate to the maze and learn to mount a platform to escape the water; AQ, Morris water maze acquisition trials- (15 trials = 5 trials per day for 3 days-permits animals to
learn to use distal cues around the room to locate a hidden submerged escape platform); PRi, initial probe trial (platform is removed) conducted after 15th acquisition trial;
PR48, probe trial conducted 48 h after last acquisition trial; Q1–Q4 divisions (quadrants) of the water maze (larger circle) in which a submerged (hidden) escape platform
(small dotted circle) was positioned in the center (quadrant 1 during pre-infection acquisition trials and quadrant 3 during post-infection acquisition trials; WNV inj, West
Nile virus (104 pfu, NY99) was administered s.c.; MGAWN1 (32 mg/kg) or saline was administered i.p. 4.5 days after WNV inoculation.
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each suspended 60 cm off the floor by supports at either end. A non-
invasive Grip Strength Meter (Columbus, Instruments) was utilized
to assess the recovery of forelimb grip strength performance. These
evaluations were performed primarily to ensure that motor function
was intact at 28 dpi (prior to spatial memory assessment) in animals
that survived WNV infection so as to not confound the cognitive
assessment used in the MWM.

3. Results

3.1. Survivorship, body mass and food consumption

As expected from prior studies (Morrey et al., 2006, 2007), all 13
WNV-infected hamsters treated once i.p. with MGAWN1 at
32 mg/kg survived (Fig. 2). Only 9 of 20 (45%) WNV-infected ham-
sters treated with saline survived. Likewise, MGAWN1 treatment
reduced weight loss and anorexic behavior typically observed dur-
ing the acute stage of illness (Morrey et al., 2004; Xiao et al., 2001)
(Fig. 3). MGAWN1-treated animals typically maintained or in-
creased their body mass over the month long period following
inoculation (10% average). All saline-treated infected hamsters
exhibited decreases in body mass (5–22% loss from 0 dpi) begin-
ning at approximately 5–7 dpi, but returned to baseline levels by
about 25 dpi. Minimal or zero food consumption was observed in
saline-treated hamsters by 7 dpi, typically for 3–4 days, then grad-
ually returned, reaching baseline levels by 15 dpi (6–12 g/day)
(Fig. 3B). No changes in food consumption were observed in
MGAWN1-treated animals overall. In a prior study (Morrey et al.,
2007), a maximum dosage of 32 mg/kg and half-log dilutions were
Fig. 2. Survival of hamsters treated i.p. with MGAWN1 (32 mg/kg) or saline at
4.5 days after s.c. WNV injection.
used to establish that the minimal effective concentration of
MGAWN1 for improving survival was 0.32 mg/kg. Further studies
will be required to identify the minimal effective concentration
for improving memory.
3.2. Evaluation of long-term memory following WNV inoculation and
MGAWN1 therapy

Prior to WNV inoculation, 33 animals meeting criterion were
able to learn the position of the hidden escape platform and exhib-
ited long-term spatial memory 48 h later, as evidenced by a prefer-
ence for the platform area when the platform was absent (probe
trial) (Fig. 4A). All animals entered into the study had normal
motor functions as illustrated with the grip strength test (Fig. 5).
Thirteen infected hamsters were treated with MGAWN1 and 20
were treated with saline at 4.5 dpi. A month after viral challenge,
the MWM test was initiated with 9 surviving saline-treated ham-
sters and all 13 of the MGAWN1-treated hamsters. The 48 h probe
trial was used as a measure to evaluate long-term spatial memory
performance in WNV-inoculated hamsters in each treatment group
(MGAWN1 or saline). Of the saline-treated hamsters, only 5 of the
9 (56%) were able to remember the spatial position of the platform
48 h later, as evidence by occupying the target quadrant more than
any of the other quadrants (Table 1) (Fig. 4B). The reduction from
100% successful MWM probe trial prior to viral challenge, to 56%
1 month after viral challenge was statistically significant
(P 6 0.01), and agrees with earlier findings from an abstract
(Smeraski et al., 2009) that WNV infection impairs long-term spa-
tial memory.

Of the MGAWN1-treated hamsters at 32 dpi, 12 of 13 (92%)
remembered the position of the platform during the long-term
(48 h) probe trial (Fig. 4C). These data representing a 92% success
rate with MGAWN1-treated hamsters compared with a 56% success
with saline-treated hamsters indicated that WNV-infected ham-
sters treated with MGAWN1 at 4.5 dpi significantly (P 6 0.05)
improved performance on the long-term memory probe trial.

Furthermore, of the 4 WNV-infected hamsters (saline treated)
that did not perform well on the 48-h probe trial (Fig. 4B), three
performed well when tested on the initial probe trial conducted
immediately after acquisition training (at 30 dpi) (data not shown).
It was only after 48 h that these three animals failed to remember
the location of the absent platform during the 48 h probe trial,
indicating long-term memory impairment. Failure to perform well
in the initial probe trial by the one animal indicates that learning
and/or short term/working memory may be impaired, which
clearly impacts long-term memory. The one animal (#165) in the



Fig. 3. Effect of i.p. administration of MGAWN1 or saline on (A) body mass, or (B) food consumption of WNV-infected hamsters in Fig. 2.
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MGAWN1 treated group that did not exhibit long-term (48 h) spa-
tial memory of the platform position exhibited primarily thigmo-
taxic behavior (swimming along the walls of the water basin)
during many of the acquisition trials and both probe trials. This
stress-related swimming behavior may have accounted for its fail-
ure to pass the memory probe trial test, rather than representing
learning and memory deficits.
4. Discussion

The results indicate that MGAWN1, administered 4.5 days after
WNV challenge in hamsters, prevented spatial memory impair-
ment as measured by the MWM probe task 32 days after WNV
challenge and is in agreement with other therapeutic benefits of
MGAWN1 previously identified in mouse and hamster models. Sin-
gle i.p. injections with MGAWN1 (also known as hE16), a potent
humanized monoclonal antibody, significantly improves survival
in mice (Oliphant et al., 2005) inoculated with WNV. As also in
agreement with this study, MGAWN1 administered once in ham-
sters on day 5 after viral challenge when the virus has infected
the brain improves survival, weight change, and disease signs
(Morrey et al., 2006, 2007). Moreover, it prevents acute flaccid
paralysis when administered after the virus has infected the lum-
bar spinal cord (Morrey et al., 2008). Because WNV has been shown
to initiate infection of the central nervous system of hamsters by at
least day 3 (Morrey et al., 2010), we initiated treatment in this
study at day 4.5.

We used hamsters in this study because they model certain as-
pects of WNV disease in human patients. WNV can infect, damage
or destroy neurons in the brain and spinal cord both hamsters and
humans (Agamanolis et al., 2003; Morrey et al., 2006, 2007; Omalu
et al., 2003; Samuel et al., 2007; Shrestha et al., 2003; Xiao et al.,
2001). It causes mononuclear infiltration, perivascular cuffing,
and gliosis in the cerebellum, cerebral cortex, diencephalon,
mesencephalon, pons, medulla and spinal cord in both species
(Agamanolis et al., 2003; Doron et al., 2003; Petropoulou et al.,
2005; Sampson et al., 2000; Xiao et al., 2001). WNV neurological
disease is also characterized by meningitis, encephalitis, poliomy-
elitis-like disease, hemi-paralysis and paresis in hamsters (Morrey
et al., 2004, 2008; Xiao et al., 2001) and humans (Chowers et al.,
2001; Jeha et al., 2003; Weiss et al., 2001). As in human cases, sur-
viving hamsters exhibit a variable outcome: some exhibit neuro-
logical/functional symptoms while others appear healthy.

We verified in this study that some, but not all, hamsters having
a spatial memory of the location of the platform’s position in the
MWM exhibit poor memory performance as measured on day 32
after viral challenge. This confirms the findings of spatial memory
impairment of WNV-infected hamsters in a previous study using
the same MWM test (Smeraski et al., 2009). This observation of
memory impairment in hamsters may be relevant to human pa-
tients with WNV disease, in as much as published results of
WNV-patient records and surveys indicate that a subpopulation
of patients recovering from the acute WNV infection complain of
problems with memory and executive functions (Carson et al.,
2006; Cook et al., 2010; Gottfried et al., 2005).

It is well established that the hippocampus plays a prominent
role in learning and memory and that this brain region can become
infected with WNV in mice (Hunsperger and Roehrig, 2006) and
hamsters (Siddharthan et al., 2009; Smeraski et al., 2009) to cause
histopathological lesions. The means that the mechanism by which
WNV causes neuronal injury and associated neurological sequelae
is not yet well established, but it is thought that both direct virus
infection and bystander injury induced by neurotoxic factors and
inflammatory genes/proteins of non-neuronal brain cells (e.g., glia)
may contribute (van Marle et al., 2007). Furthermore, in vitro stud-
ies using SK-N-SH cells (transformed human neuroblastoma cell
line), have suggested that WNV-infected neurons may also be
one of the sources of proinflammatory cytokines that mediate
neuronal cell death (Kumar et al., 2010). MGAWN1 therapy



Fig. 4. Morris water maze (MWM) 48 h probe trial for spatial learning and memory of hamsters (A) prior to WNV inoculation, or 28 days following inoculation and treated i.p.
with (B) saline or (C) MGAWN1 (32 mg/kg) at 4.5 dpi. Timeline of experimental paradigm is outlined in Fig. 1. The percentage of time spent in each of the quadrants during
the first 60 s of the probe trail was measured from playback of video. The criterion for a successful trial used to construct Table 1 is that the hamster needed to occupy more
time in the target quadrant than in any other quadrant, indicating that their long-term memory of the platform’s position during acquisition trials remained intact (25% dwell
time = chance). (A) Pre-infection 48 h probe trial of the 22 animals that survived WNV infection and whose 48 h probe results following infection are shown in B and C. (B)
Four of the 9 hamsters treated with saline (#126, #106, #108, #162) performed poorly on the 48 h probe trial; (C) only 1 of the 13 MGAWN1 treated hamsters (#165) did not
remember the platform’s position and exhibited primarily thigmotaxic swimming during acquisition and probe trials.
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administered at 4.5 dpi may have protected against cognitive
impairment by either directly arresting viral load, or by indirectly
reducing the proinflammatory response, thereby preventing the
eventual neuronal injury typically observed by either process.

The presence of anorexic behavior can be utilized as a noninva-
sive indicator of the onset of sickness behavior induced by cytokine
signaling the brain (Asarian and Langhans, 2010). During systemic
infections, the innate immune response mounts an acute phase re-
sponse, a coordinated cascade of physiological and behavioral
events that fight the infectious disease agent. Included is a collec-
tion of behaviors known as sickness behaviors, and includes hyper-
thermia, anorexia, reduced social activities, decrease locomotion,
weakness, and increased sleep (Maier and Watkins, 1998). Sys-
temic cytokines in response to infectious agents in the periphery
signal the brain by neural and/or humoral routes to produce sick-
ness behaviors by inducing expression of cytokines in the brain
(Kelley et al., 2003). Uncontrolled increases in circulating or local
(brain) cytokines in response to peripheral/central nervous system
infection can further activate resident immune cells in the brain,
which may enhance or prime neuronal injury. That MGAWN1-trea-
ted animals did not exhibit anorexic behavior or other associated
sickness behaviors, suggests that inhibition of the virus halted pro-
inflammatory cytokine signaling to the brain. It is possible that
unabated proinflammatory responses in the central nervous sys-
tem (e.g., hippocampus) may have contributed to neuronal injury
during early phases of acute illness in saline-treated WNV-infected
hamsters, thus impinging upon neural circuitry underlying spatial
memory. Preliminary studies suggest that the hippocampus sam-
pled from saline treated WNV-infected hamsters has elevated lev-
els of interleukin-1b by 8 dpi when compared to hipppocampi



Fig. 5. Forelimb grip strength test in hamsters before or after viral challenge treated
i.p. with MGAWN1 or saline.

Table 1
Percent of WNV-infected hamsters exhibiting successful performance in a spatial
memory probe test at day 32 treated. Hamsters were treated i.p. with the vehicle
(saline) or with MGAWN1 at 4.5 days after s.c. viral challenge.

Time of spatial memory
probe trial

WNV-infected,
saline-treated

WNV-infected,
MGAWN1-treated

Pre-infection 100% (9/9) 100% (13/13)
32 days post-infection 56% (5/9)## 92% (12/13)*

The criterion for a successful probe trial was that the hamster spent more time in
the target (training) quadrant than in any other quadrant as illustrated in Fig. 5.
* P 6 0.05 compared to the 32-day probe trial of WNV-infected, saline-treated
hamsters.
## P 6 0.01 compared to the same animals during the pre-infected probe trial. For

statistical analysis, the two-sided v2 test (Prism 5 for Mac OS X, GraphPad Software,
Inc.) of whether animals spent more time in the target quadrant than any other
quadrant was used.
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sampled from placebo- or MGAWN1-treated WNV-infected ham-
sters (unpublished observations).

Overall these studies support the possibility that WNV can
cause spatial memory impairment and that therapeutic interven-
tion may be warranted.
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