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Abstract
Current findings suggest that accumulation of amyloid-β (Aβ) and hyperphosphorylated tau in the brain disrupt synaptic
function in hippocampal–cortical neuronal networks leading to impairment in cognitive and affective functions in
Alzheimer’s disease (AD). Development of new disease-modifying AD drugs are challenging due to the lack of predictive
animal models and efficacy assays. In the present study we recorded neural activity in TgF344-AD rats, a transgenic model
with a full array of AD pathological features, including age-dependent Aβ accumulation, tauopathy, neuronal loss, and
cognitive impairments. Under urethane anesthesia, TgF344-AD rats showed significant age-dependent decline in brainstem-
elicited hippocampal theta oscillation and decreased theta-phase gamma-amplitude coupling comparing to their age-
matched wild-type counterparts. In freely-behaving condition, the power of hippocampal theta oscillation and gamma
power during sharp-wave ripples were significantly lower in TgF344-AD rats. Additionally, these rats showed impaired
coherence in both intercortical and hippocampal–cortical network dynamics, and increased incidence of paroxysmal high-
voltage spindles, which occur during awake, behaviorally quiescent state. TgF344-AD rats demonstrated impairments in
sensory processing, having diminished auditory gating and 40-Hz auditory evoked steady-state response. The observed
differences in neurophysiological activities in TgF344-AD rats, which mirror several abnormalities described in AD patients,
may be used as promising markers to monitor disease-modifying therapies.
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Introduction
Understanding the neural basis of cognitive deficits, a core fea-
ture of Alzheimer’s disease (AD), is of ultimate importance for
identifying new viable biomarkers and developing disease-
modifying therapies. Although currently used AD biomarkers,
such as cerebrospinal fluid amyloid-β (Aβ) and tau, are suitable
for establishing diagnosis, they are not reliable predictors for
progression of cognitive impairments. Therefore, novel biomar-
kers detecting early neuronal dysfunctions associated with
cognitive impairment are highly needed. Transgenic animals

capturing certain aspects of AD pathology could be used to
explore potential signs of disease progression. A recently devel-
oped transgenic rat model (TgF344-AD) expressing mutant
human amyloid precursor protein (APPswe) and presenilin 1
(PS1ΔE9) genes, shows several aspects of AD pathology, includ-
ing age-dependent cerebral amyloidosis, tauopathy, gliosis,
apoptotic loss of neurons in the cerebral cortex and hippocam-
pus, and cognitive disturbance (Cohen et al. 2013). Although
some pathological changes occurred relative early in these rats
(from 6 months), their cognitive decline was not observed until
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they reach 12–15 months of age. In the present study, we evalu-
ated neurophysiological signals in wild-type (WT) Fisher and
TgF344-AD rats from 6 to 12 months of age.

The integrity of neuronal function in WT and TgF344-AD rats
was investigated both under anesthesia and in freely-behaving
condition. Our previous studies on Aβ overproducing APP/PS1
and 5xFAD mice, as well as on tau transgenic Tg4510 mice
showed clear dysfunction in hippocampal network oscillation
under urethane anesthesia (Scott et al. 2012, 2016; Stoiljkovic
et al. 2016). In Aβ overproducing APP/PS1 mice, an age-
dependent decline in amplitude of hippocampal theta oscilla-
tion was observed in response to brainstem stimulation, and
the reduced hippocampal theta power showed a correlation
with increased plaque load (Scott et al. 2012). In a subsequent
study on 8-months-old 5xFAD mice, a similarly diminished
power of elicited hippocampal theta oscillation was detected,
together with a reduced power in gamma oscillation and a
weakened theta-phase gamma-amplitude coupling (Stoiljkovic
et al. 2016). Neurophysiological network activities, including
theta rhythm, have been a major focus of studies of hippocam-
pal function over decades (Buzsáki 2002). Hippocampal theta
oscillation has been linked to various cognitive processes, and
correlations between memory formation and hippocampal theta
have been demonstrated in both experimental animals and
humans (Buzsáki 2002; Vertes 2005; Lisman and Redish 2009;
Lega et al. 2012). Therefore, in the present study, we evaluated
hippocampal theta oscillation and theta-phase gamma-ampli-
tude coupling in response to brainstem stimulation, which can
provide an insight to synaptic functioning of hippocampus and
one of its main behavior-independent inputs. In addition, hip-
pocampal oscillatory activity and hippocampal–cortical interac-
tion have also been studied in awake, freely-behaving WT and
TgF344-AD rats.

Since significantly disrupted functional connectivity between
cortical fields in Aβ transgenic mice have been recently reported
(Busche et al. 2015), we studied connectivity between cortical
field potentials in non-anaesthetized WT and TgF344-AD rats,
with a particular emphasis on identifying pathological signals
reflecting hyperexcitability. While it has been known that
AD patients have an increased occurrence of epileptiform activ-
ity, recent 24-h electroencephalography (EEG) and intracranial
recordings demonstrate a much higher percentage of epilepti-
form activity in this patient population (Vossel et al. 2016). Our
recordings were done on 9–12 months old WT and TgF344-AD
rats, at an age when some WT Fisher rats show high-voltage
spindle activity (Riekkinen et al. 1992); therefore, we paid specific
attention to this abnormal activity in both WT and TgF344-AD
rats.

Clinical neurophysiological observations revealed profound
alterations in EEG signals of AD patients; however, it has been
challenging to identify corresponding abnormalities in trans-
genic animals capturing some form of AD pathology. There are
remarkable similarities in neurophysiological signals associ-
ated with sensory processing between rodents and humans;
therefore, neurophysiological signals related to sensory proces-
sing can provide potential translational biomarkers. In fact,
some of the abnormal markers of sensory physiology associ-
ated with psychiatric disorders are broadly used in psychiatric
drug discovery (Javitt et al. 2008). Importantly, auditory and
visual abnormalities have been described in AD patients at
early stage of the disease or in mild cognitive impairment (van
Deursen et al. 2011; Stothart et al. 2015). Accordingly, in the
present study we examined auditory evoked potentials, audi-
tory gating, and auditory evoked steady-state response in WT

and TgF344-AD rats, since some of these auditory responses
are known to be affected in AD patients.

Materials and Methods
Animals

Experiments were performed on heterozygous TgF344-AD rats
and their age-matched WT background Fischer344 littermates.
Transgenic rats were obtained from Rat Resource and Research
Center at the University of Missouri, while WT rats were pur-
chased from Envigo (Indianapolis, IN). TgF344-AD rats were
generated by co-injection of 2 transgenes both driven by mouse
prion promoter elements: one contains the human Aβ precur-
sor protein with the Swedish mutation (APPswe), and the other
contains the human presenilin 1 with a deletion of exon 9
(PS1ΔE9). They were backcrossed for 12 generations onto
Fisher344 strain, and before being used their genotype was con-
firmed by PCR analysis. Transgenic TgF344-AD model has been
recently shown to faithfully reproduce all major pathological
features of AD (Cohen et al. 2013).

A total of 50 rats, including both sexes, at the age of 6, 9, and
12 months were used in the study (TgF344-AD = 26 and WT =
24). Animals were housed in a temperature and humidity-
controlled room with 12:12-h light-dark cycle, and with free
access to food and water at all times. Measures were taken to
minimize pain or discomfort and to reduce the number of ani-
mals used. All procedures were performed in accordance with
National Institutes of Health guidelines (NIH publications no.
86-23, revised 1987) and were approved by the Institutional
Animal Care and Use Committee of Yale University.

Electrophysiological Recordings

Electrophysiological recordings were carried out in anesthetized
and in freely-behaving animals. For experiments under anesthe-
sia rats were injected with urethane (1.5 g/kg) intraperitoneally,
and placed in a Kopf stereotaxic frame (Tujunga, CA) on a
temperature-regulated heating pad (Physitemp Instruments Inc.,
Clifton, NJ) set to maintain body temperature at 37–38 °C.
Following surgical preparation and craniotomies above hippo-
campus and rostral pons, electrodes were inserted for recording
of local field potentials (LFPs) from hippocampal CA1 region and
for stimulation of nucleus pontis oralis (nPO). LFPs were recorded
using a 16-site silicon recording electrode (A1 × 16-10mm-100–-
177-T15; NeuroNexus Technologies, Inc, Ann Arbor, MI) posi-
tioned 3.0mm posterior and 2.0mm lateral to bregma, and
slowly lowered 2.5–3.0mm from the cortical surface to span the
dorsal hippocampus. For electrical stimulation of the nPO, a
bipolar concentric stainless steel electrode (NE-100X, Rhodes
Medical Instruments, Woodland Hills, CA) was placed 7.8mm
posterior and 1.8mm lateral to bregma, and 6.0mm ventral from
the cortical surface. Coordinates for each target area were taken
from stereotaxic atlas (Paxinos and Watson 1998). Each recording
began 30min following placement of the electrodes. nPO stimu-
lation, consisting of a train of 0.3ms square pulses at 250Hz over
6 s, was delivered every 100 s by an Isoflex stimulus-isolator (A.M.
P.I. Instruments, Jerusalem, Israel). The stimulating current was
increased stepwise from 0.0mA to 0.2mA in 0.02mA increments
and repeated in 2 cycles in order to establish a stimulus–response
relationship for both total power and peak frequency in theta
band. Throughout the duration of the experiment, rats were kept
in the stereotaxic frame, spontaneous and stimulation-induced
hippocampal LFPs were continuously monitored, and the level of
anesthesia regularly checked.
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Experiments in freely-behaving conditions were performed
in male rats implanted with chronically indwelling electrodes.
After achieving a surgical plane of anesthesia (mixture of
60mg/kg ketamine and 10mg/kg xylazine, given intraperitone-
ally), rats were placed in stereotaxic frame, skin shaved and
cleaned, and skull exposed. Stainless steel screw electrodes
were inserted under aseptic conditions over the frontal (1.0mm
anterior and 2.0mm lateral to bregma), primary auditory
(5.0mm posterior and 4.5mm lateral to bregma), and occipital
(6.5mm posterior and 3mm lateral to bregma) cortices, and a
deep monopolar electrode (Plastics One, Roanoke, VA) was
implanted into the CA1 region of the contralateral hippocam-
pus using coordinates as above. To serve as ground and refer-
ence, an additional 2 screws were placed over the cerebellum.
All electrodes were joined to a miniature connector which was
fixed to the skull using dental acrylic, and the skin incision was
sutured. After surgery, each rat was put in a clean cage and all
necessary postoperative care was taken. During the postsurgi-
cal recovery, one rat from each genotype lost its headset, thus
leaving 5 animals in each group for further experiments. All
electrophysiological recordings were carried out after 10-day
recovery period, simultaneously in groups of 2 rats (one
TgF344-AD and one WT) in their own home cages, and repeated
weekly during light phase (between 10 a.m. and 2 p.m.). For
every recording session, rats were connected to a slip-ring com-
mutator using stainless steel spring protected cables, their
cages placed in recording boxes, and left to accommodate for at
least 30min prior recordings.

At the conclusion of all acute and chronic recordings, ani-
mals were deeply anesthetized, and transcardially perfused.
Brains were removed and fixed for verification of electrode
placement and histological analyses.

Data Acquisition and Analyses

In each experiment, LFPs were amplified and filtered between
1Hz and 300Hz using A-M System (Carlsborg, WA, USA) with
an additional notch filter at 60 Hz. The signal was simulta-
neously sampled at 2 kHz rate and stored on a computer via a
CED Micro1401-3 interface and Spike2 software (Cambridge
Electronic Design, Cambridge, UK). All analyses were performed
with Matlab (Mathworks, Natick, MA). All offline filtering was
done using the EEGLAB toolbox (Delorme and Makeig 2004).

For nPO stimulation-induced hippocampal oscillations, the
first second of each 6-s long stimulation period was omitted for
all analyses to avoid possible stimulation artifacts. Absolute
theta power (3–9Hz) and peak theta frequency were deter-
mined at each stimulation intensity and averaged over the 3
channels with highest LFP amplitude for each animal. Once the
stimulus intensity which elicits the highest theta power was
determined, each animal was subsequently stimulated with
constant current in order to estimate coupling between elicited
theta and gamma oscillations in the hippocampus as described
earlier (Tort et al. 2009; Stoiljkovic et al. 2016).

In freely-behaving condition, 30min of undisturbed record-
ings were used for all analyses. In hippocampal recordings,
theta oscillations were identified as when instantaneous theta
(3–12 Hz) power exceeded twice instantaneous delta (2–4Hz)
power for 2.5 s or longer, and average theta power was calcu-
lated for each. Sharp-wave ripples (SWRs) were identified as
when the bandpass filtered (100–250Hz) signal envelope
exceeded the mean plus 4 times the standard deviation of the
envelope for 30–150ms, excluding instances where the signal
exceeded 3mV or when theta/delta power ratio was >2. SWR

power and slow gamma power (30–50Hz) were calculated for
each event via bandpass filtering and Hilbert transform. Phase
locking between frontal and occipital cortices and between fron-
tal cortex and hippocampus during spontaneous activity were
assessed by averaging phase-locking values (PLV; Lachaux et al.
1999; Mormann et al. 2000) in 20 contiguous 10-s long epochs in
each behaving rat. Automatic detection of high-voltage spindles
(HVSs) were identified in the frontal cortex LFP when rhythmic
negative deflections lower than −0.3mV occurred while instan-
taneous power between 6Hz and 12Hz was more than double
instantaneous delta power for 2 s or longer. When SWR were
identified as coincident with a HVS, the cross-correlation and
Pearson’s linear correlation coefficient were calculated between
the LFPs in hippocampus and frontal cortex.

Auditory evoked potentials (AEPs) and auditory steady-state
responses (ASSR) were recorded from primary auditory cortex
in the same cohort of animals (TgF344-AD = 5, WT = 5).
Auditory gating was determined using the same pattern of
auditory stimulation that is used in clinical practice: delivery of
2 consecutive tone bursts (at 5 kHz) of 10ms duration with an
intertone interval of 0.5 s (Hajós 2006). AEPs were measured as
the potential difference between the positive and negative
deflection at 5–30ms and 40–60ms, respectively (P20-N40). The
ratio between the AEPs of the second and first stimuli (S2/S1)
was used as a measure of gating. Latency of AEP to the S1 was
also analyzed. For ASSR, rats were exposed to 120 repetitions of
a 3-s train consisted of 3-ms clicks at 85 db delivered at 40 Hz
with 10-s intervals between trains. Average changes in power
from baseline and inter-trial phase coherence (ITPC) (Tallon-
Baudry et al. 1996) during stimulation were calculated from
event-related potentials for each animal. Comparisons in eli-
cited power and ITPC were made using the average of each at
40 Hz during stimulation for every animal. For both auditory
assays, clicks were generated using DAQ board (model USB-
6343) controlled by LabVIEW software (National Instruments,
Austin, TX) and speaker mounted directly above each rat’s
recording box.

All data were initially determined to be suitable for paramet-
ric analysis according to normality and homoscedasticity.
Statistical differences in the relationship between elicited theta
power or peak frequency and current intensity were assessed by
2-way ANOVA and post hoc Bonferroni test. Changes in all other
metrics tested were assessed with 2-tailed t-test. Data are
expressed as the mean ± standard error of the mean, and differ-
ences were considered significant when P < 0.05.

Results
Age-Dependent Decline of Elicited Hippocampal
Oscillations in Anesthetized TgF344-AD Rats

In order to characterize hippocampal network functional integ-
rity in relation to age and strain, hippocampal oscillations eli-
cited by electrical stimulation of the nPO were analyzed in
6- (TgF344-AD = 6; WT = 6), 9- (TgF344-AD = 7; WT = 8), and
12-month-old (TgF344-AD = 6; WT = 5) rats under anesthesia. In
both rat strains, high-frequency stimulation of the nPO elicited
field potential oscillations in theta range (3–9Hz) across the hip-
pocampal formation (Fig. 1A; Supplementary Fig. 1), with a
current-dependent increase of peak frequency.

Quantitative input–output analysis of elicited theta oscilla-
tion revealed age-dependent decline in both power and peak
frequency in the TgF344-AD rats when compared with their
WT counterparts (Fig. 1B, Supplementary Fig. 1). At the age of
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6-months TgF344-AD rats showed a trend toward reduction in
theta power with significant decrease in absolute power in
lower theta range, but similar peak theta frequency increase
over stimulus intensities (F(1,22) = 4.043, P = 0.057, for theta
power; F(1,22) = 0.637, P = 0.433, for theta frequency). A clear
decline of elicited hippocampal oscillation in TgF344-AD rats
was observed at the age of 9-months, when absolute power
was markedly decreased in broader theta band range (F(1,28) =
9.578, P < 0.005, for theta power; F(1,28) = 2.163, P = 0.152, for
theta frequency). This decline was more pronounced in
12-month-old TgF344-AD rats, where both theta power and fre-
quency were significantly reduced in comparison to their
respective WT controls (F(1,20) = 5.790, P < 0.03, for theta power;
F(1,20) = 5.101, P < 0.05, for theta frequency). No gender differ-
ences in response to nPO stimulation were observed in rats of
either genotype. Interestingly, age-related decrease in hippo-
campal power was also noticed in WT rats. Nevertheless, over-
all decline in elicited hippocampal oscillations in TgF344-AD
rats was more robust and accelerated with age, which is in line
with previous findings in similar Aβ overproducing mouse
models (Scott et al. 2012; Stoiljkovic et al. 2016).

In further assessment of elicited hippocampal oscillations,
phase-amplitude coupling between theta and gamma bands

was calculated. Similarly to our previous observations in anes-
thetized mice (Stoiljkovic et al., 2016), 2 visibly distinct bands
of coupling between hippocampal theta and gamma were
detected: low gamma (30–55Hz) and high gamma (65–95Hz).
While comparable at the age of 6 months (Fig. 1C, upper heat-
maps), theta-phase gamma-amplitude coupling was attenuated
in both low and high gamma bands in 12-months TgF344-AD
rats when compared with WT counterparts (P < 0.05; Fig. 1C,
lower heat-maps).

Altered Hippocampal Oscillatory Activity and Long-
Range Connectivity in Freely-Behaving TgF344-AD Rats

Cortical and hippocampal electrophysiological recordings were
performed in non-anesthetized, freely-behaving condition in
sets of animals (n = 5, for each genotype) in the period between
9 and 12 months of age, with some signals recorded repeatedly
over this time. During awake state, evident alterations in both
cortical and hippocampal oscillatory patterns were observed in
TgF344-AD rats in comparison to their WT controls (Fig. 2,
Supplementary Fig. 2). In particular, we found reduced hippo-
campal theta activity in TgF344-AD rats, with total of 393 theta
oscillation events identified comparing to 708 in WT rats.

Figure 1. Age-dependent disruption of elicited hippocampal oscillations in anesthetized TgF344-AD rats. High-frequency electrical stimulation of brainstem nucleus

pontis oralis (nPO) induces highly regular theta oscillations in the hippocampal CA1 region (horizontal black bar marks the period of stimulation). Local field poten-

tials were recorded using a multi-site silicon recording electrode implanted to span the dorsal hippocampus in urethane anesthetized rats. Absolute theta power

(3–9Hz) and peak theta frequency were determined for each stimulation period using fast Fourier transformation. The average of these measures calculated from the

3 channels showing strongest theta was used for each animal. (A) Typical stimulation-induced theta oscillation recorded from a WT rat. Approximate reconstruction

of recording sites location is based on dorso-ventral position of the electrode and observations of highest theta power in lacunosum-moleculare (Buzsáki 2002).

(B) Stimulus–response curves created by plotting the theta power and peak frequency over increasing stimulus intensities showed age-dependent decline in both

theta power and frequency in TgF344-AD rats (*P < 0.05). (C) Elicited hippocampal theta and gamma oscillations showed high theta-phase gamma-amplitude coupling

as expressed by Modulation index. Phase-amplitude coupling is significantly reduced in aged TgF344-AD rats (P < 0.05). Abbreviations: ori—str. oriens; pyr—pyramidal

layer; rad—str. radiatum; lm—str. lacunosum-moleculare; mol—molecular layer; gc—granule cell layer; hil—hilus.
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Moreover, the average power of theta oscillations in TgF344-AD
was significantly reduced (P < 0.001; Fig. 2B, E). Additionally,
fewer sharp-wave ripples (SWRs, 100–250 Hz) were identified in
awake TgF344-AD rats (nevents = 35) than in their WT counter-
parts (nevents = 67). During SWRs, the power between 100Hz
and 250 Hz and low gamma band power (30–50Hz) were also
found to be significantly reduced in TgF344-AD rats (P < 0.001
for both metrics; Fig. 2C, D, F).

Long-range connectivity was assessed using PLV (see
Methods). PLV was calculated between oscillations recorded
from frontal-occipital cortices and frontal cortex-contralateral
hippocampus. In both cases, PLV was significantly reduced in
TgF344-AD rats. More specifically, frontal-occipital cortical PLV
is significantly reduced at 6–9Hz, while cortical-hippocampal
PLV is significantly reduced at 8–11Hz and 21–31 Hz (P < 0.05;
Fig. 3).

Increased Occurrence of Hypersynchronous High-
Voltage Spindles and Weakened Interaction Between
Cortical Spindles and Hippocampal Ripples in TgF344-
AD Rats

Chronic cortical EEG recordings in freely-behaving TgF344-AD
rats revealed numerous highly synchronous paroxysmal oscil-
latory bursts of large amplitude spikes with negative polarity
which disrupt regular activity. This distinct oscillatory pattern,
defined as high-voltage spindles (HVSs), was present in all
TgF344-AD rats in each recording session over the course of 2–3
months, and very rare in WT rats. HVS episodes consisted of
rhythmic spike discharges of variable duration (3.5 s on aver-
age), with frequency peak at 7–8 Hz and associated harmonics
in their power spectra. They appeared spontaneously, isolated
or in clusters, and exhibiting wax and wane pattern (Fig. 4A).
The amplitude of HVSs was usually higher in the frontal than

in the parietal region and diminished in the occipital region,
where in most cases they were barely if at all detectable. Direct
observation during recordings found that HVSs occurred only
when rats were in the state of passive wakefulness (i.e.,
motionless but with their eyes opened). This is in agreement
with previous studies where similar HVS events were reported
in aged rats as well as in genetic absence-like epileptic models
(Buzsáki et al. 1988; Coenen and Van Luijtelaar 2003; Shaw
2007). A total of 50 HVS events were identified in TgF344-AD
rats while 6 were found in WT rats. Statistical comparison of
probability of occurrence of spontaneous HVSs between
TgF344-AD and age-matched WT rats calculated for each ani-
mal over a 15-min period revealed significantly greater inci-
dence of HVSs in transgenic rats (P < 0.001; Fig. 4B). However,
the pattern and average duration of HVS episodes between 2
animal groups did not significantly differ (Fig. 4C).

In further analysis, we investigated whether the HVSs
impact interaction between cortical and hippocampal activity
during SWRs in TgF344-AD rats. This was examined by calcu-
lating the cross-correlation and correlation coefficient of hippo-
campal and frontal cortex oscillations when SWRs and HVSs
occurred simultaneously. Figure 5 shows an example of the
cross-correlation during coincident events in both a WT and
TgF344-AD rat, as well as a significant difference (P < 0.001)
between the correlation coefficients pooled across all coinci-
dent events (nevents = 5 in WT; nevents = 7 in TgF344-AD).

Impaired Sensory Information Processing in TgF344-AD
Rats (Auditory Evoked Potentials, Auditory Gating,
ASSR)

Auditory sensory processing in TgF344-AD and WT rats was
examined by measuring AEP, auditory gating, and ASSR. The
magnitude of AEPs showed no significant differences between

Figure 2. Reduced hippocampal oscillatory activity in non-anesthetized TgF344-AD rats. (A) Example of unfiltered traces of hippocampal CA1 LFP from freely-

behaving WT and TgF344-AD rats. Significantly reduced power of (B) theta oscillations, (C) sharp-wave ripples (SWRs, 100–250Hz), and (D) low gamma band (30–50 Hz)

during SWRs in TgF344-AD rats compared with their WT controls. (**P < 0.001). Examples of (E) theta oscillation (filtered between 3 Hz and 12Hz), and (F) SWR (unfil-

tered) traces; scale bars: 0.5mV, 1 s for the theta traces; 0.1mV, 0.1 s for the SWR.
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WT and TgF344-AD rats to either the first or second stimuli,
although transgenic rats showed a tendency towards reduction
in the amplitude of the first stimulus. Interestingly, the latency
of the AEP to the first stimulus was longer, on the borderline of
significance in TgF344-AD rats (P = 0.051). Even though no sig-
nificant difference in the absolute value of AEPs between 2
groups was observed, TgF344-AD rats showed a higher S2/S1
ratio, demonstrating significantly lower level of auditory gating
in the auditory cortex (P < 0.05; Fig. 6). Repetitive auditory sti-
muli applied at 40 Hz (ASSR, see Methods for details) evoked
increased power at the stimulating frequency in the auditory
cortex of both TgF344-AD and WT rats. However, the 40-Hz
evoked power was significantly reduced in the TgF344-AD rats
compared with WT controls (P < 0.05; Fig. 7A). In contrast, rats
from both groups showed similar ITPC in response to the 40-Hz
stimuli (Fig. 7B).

Discussion
In this study, we explored hippocampal and cortical oscillatory
network activities in anesthetized and freely-behaving TgF344-
AD rats, a recently developed transgenic model with a full array
of AD pathological features. We identified a number of neuro-
physiological abnormalities previously undescribed in trans-
genic AD models, including significantly higher occurrence of
cortical HVSs, impaired interaction between HVSs and SWRs,

and diminished 40-Hz ASSR-evoked power, together with
anomalies already observed in Aβ overproducing mice.

Numerous studies have consistently demonstrated abnor-
mal hippocampal morphology and function in AD patients,
including a reduction in volume and irregular activation during
cognitive tasks (Frisoni et al. 2010; Han et al. 2012). In line with
these clinical observations, translational research in transgenic
animal models of AD pathology provides various examples of
hippocampal dysfunction, particularly oscillatory abnormali-
ties. Current evidence suggests that accumulation of Aβ and
hyperphosphorylated tau, major hallmarks of AD, is associated
with complex disturbances in synaptic and neuronal function
leading to impairments of coordinated activity in the neuronal
networks that support memory and cognition (Selkoe 2002;
Palop and Mucke 2016). Alterations in neuronal network activ-
ity can range from subtle changes in rhythmic activity, likely
present before presentation of cognitive deficits, to profound
pathology of EEG signals as disease progresses. Accordingly,
impairment of hippocampal theta oscillation, considered to
underlie compromised hippocampal-dependent cognitive func-
tion in transgenic APP/PS1 mice, precede their behavioral defi-
cits (Howlett et al. 2004; Villette et al. 2010; Scott et al. 2012).
Moreover, we reported that this impairment in theta oscillation
is age-dependent, and its severity correlates with Aβ plaque
load in the hippocampus of APP/PS1 mice (Scott et al. 2012).
Consistent with these observations, our recent studies showed
that both tauopathy model Tg4510 mice (Scott et al. 2016), and
Aβ overproducing 5xFAD mice (Stoiljkovic et al. 2016) have sig-
nificantly reduced theta power, but not peak theta frequency,
during stimulation-induced hippocampal oscillations. Using
the same experimental method, we found that TgF344-AD rats
also show robust age-dependent reduction of elicited hippo-
campal theta power. Similar to aforementioned studies, theta
power decline in these rats was observed by 6 months of age,
before showing hippocampal-dependent learning and memory
deficits (Cohen et al. 2013). Unlike our observations in mice,
12-month-old rats display a significant decline in peak theta
frequency, which implies greater dysfunction of local oscil-
latory activity in the hippocampal network of aged TgF344-AD
rats. It is noteworthy that aged WT rats also had reduced elicited
theta power, which might correspond with the reported general
decline in cognitive abilities of Fisher strain (Sherman et al. 1981).
Furthermore, we observed diminished theta-phase gamma-ampli-
tude coupling in the hippocampus of aged TgF344-AD rats.
Coupling between the phase of theta and the amplitude of gamma
oscillations has recently been demonstrated to play a critical role
in supporting cognitive processes and memory formation in
humans (Axmacher et al. 2010), monkeys (Canolty et al. 2010), and
rodents (Tort et al. 2009; Wulff et al. 2009; Belluscio et al. 2012).
Interestingly, in Aβ overproducing mice, diminished hippocampal
theta-phase gamma-amplitude coupling has been shown in both
in vitro (Goutagny et al. 2013), and in vivo conditions (Gurevicius
et al. 2013; Stoiljkovic et al. 2016). Our current results complement
and extend these observations, as TgF344-AD rats showed a sig-
nificant and age-dependent deficiencies in hippocampal theta-
gamma coupling, both in low and high gamma bands, when
compared with younger transgenic rats or age-matched WT con-
trols. This is also in accordance with recent studies on TgF344-AD
rats (Joo et al. 2017; Bazzigaluppi et al. 2018) in which theta-
gamma coupling was analyzed using resting-state oscillations in
different cognitive-related brain regions.

Profound alterations in hippocampal oscillatory activity in
TgF344-AD rats were also found in awake, freely-behaving
conditions. Compared with WT controls, transgenic rats

Figure 3. Disrupted temporal coordination of cortical and hippocampal oscil-

latory activity in TgF344-AD rats. (A) Functional connectivity between frontal

cortex and ipsilateral occipital cortex, and (B) frontal cortex and contralateral

hippocampus, were assessed by averaging phase-locking value (PLV) in 20 con-

tiguous 10-s long epochs in each behaving rat. Comparing to WT rats (n = 5),

TgF344-AD rats (n = 5) showed significantly lower frontal-occipital PLV at 6–9Hz,

and frontal-hippocampal PLV at 8–11Hz and 21–31Hz frequencies. (*P < 0.05).
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demonstrated significantly diminished power in spontaneous
theta oscillations. Furthermore, SWRs, another highly synchro-
nous, high-frequency (100–250Hz) hippocampal oscillation
associated with cognitive function, were also impacted in
TgF344-AD rats. SWRs emerge mainly during slow-wave sleep
in order to strengthen and reorganize memory traces, and dur-
ing passive wakefulness supporting behavioral planning
(Girardeau and Zugaro 2011; Buzsáki 2015). Accordingly,
increases in SWR events have been registered after learning
both in humans (Axmacher et al. 2008) and rats (Ego-Stengel
and Wilson 2010), while selective SWRs suppression during
post-training consolidation resulted in impairment of spatial
memory performances (Girardeau et al. 2009; Ego-Stengel and

Wilson 2010). However, very little is known about the impact of
dementia-related pathology on hippocampal SWRs. Our current
findings in TgF344-AD rats demonstrate reduced SWR power
accompanied by reduced power in low-frequency gamma
bands. In line with our observations, disrupted SWR dynamics,
with decreased amplitude and altered temporal structure have
been reported in transgenic Tg4510 mice (Witton et al. 2016).
Also, soluble Aβ oligomers injected intracerebroventricularly in
C57BL/6 mice abolished learning-induced SWRs and impaired
spatial memory (Nicole et al. 2016). Additionally, the reduction
in gamma power during SWRs in TgF344-AD rats observed in
this study complement similar findings reported in 5xFAD mice
(Iaccarino et al. 2016). Low-frequency gamma is associated with

Figure 4. Altered cortical excitability in TgF344-AD rats. During awake but idling behavior spontaneously occurring high-voltage spindles (HVSs) characterized as

hypersynchronous, negative voltage 7–8 Hz spike–wave discharges were observed in the cortical EEG of both WT and TgF344-AD rats. (A) HVSs isolated or in clusters,

exhibited a wax and wane pattern, and were particularly pronounced in frontal cortex (upper and middle traces). Bottom is an enlargement of single HVS event and

its corresponding time-frequency spectrogram. (B, C) In comparison to WT rats (n = 5), TgF344-AD rats (n = 5) showed significantly higher incidence of HVS events,

however, the pattern and duration of HVS events did not differ, (**P < 0.001).

Figure 5. Reduced interaction between coincidental cortical HVSs and hippocampal SWRs in TgF344-AD rats. (A) Representative spindle-ripple cross-correlation

for WT (blue) and TgF344-AD rat (red). In WT rats 7.5% of SWRs were coincident with HVSs, while in TgF344-AD rats 20% of SWRs were coincident with HVSs.

(B) Correlation coefficient computed for all coincident events in every animal showing significant difference between 2 rat strains. (**P < 0.001).
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Figure 6. Auditory evoked potentials in freely-behaving WT (n = 5) and TgF344-AD (n = 5) rats were measured in the primary auditory cortex as potential difference

between the positive and negative deflection at 5–30ms and 40–60ms, respectively (P20-N40). The ratio between the second and first stimuli (S2/S1) is used as a mea-

sure of gating. TgF344-AD rats showed (A) significantly impaired gating (*P < 0.05), and (B) suggests prolonged latency to the first stimulus (#P = 0.051). (C, D) No signifi-

cant difference has been observed in S1 and S2 amplitude between WT and TgF344-AD rats.

Figure 7. Auditory steady-state responses (ASSR) at 40 Hz were recorded from primary auditory cortex in freely-behaving WT (n = 5) and TgF344-AD (n = 5) rats.

Output measures include 40 Hz evoked power and intertrial phase coherence (ITPC). (A) Time course group averages revealed decrease of the specific ASSR-evoked

power in TgF344-AD rats (*P < 0.05). Lower panels show example event-related potentials from a single WT and TgF344-AD rat. (B) No significant changes have been

observed in ITPC between WT and TgF344-AD rats.
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gamma locking between CA3 and CA1 (Colgin et al. 2009),
regions where SWRs emerge. Since gamma oscillation critically
depends on GABAergic interneuron function, our results might
indicate that interneurons involved in neural circuits associ-
ated with learning and memory are particularly affected by AD
pathologies. In fact, dysfunction of GABAergic interneurons is
considered a critical contribution to AD pathology (Palop and
Mucke 2016).

Dynamic functional connectivity within and between distrib-
uted brain regions such as the cortex and hippocampus has
been demonstrated to be necessary for normal cognitive proces-
sing (reviewed in Bressler and Menon 2010). Therefore, disrup-
tion of functional connectivity is considered an important
biomarker for cognitive deficits (Zhang and Raichle 2010; Bero
et al. 2012). Hence, we measured phase locking between sponta-
neous oscillations from the frontal and occipital cortical regions,
as well as from frontal and hippocampal regions, in freely-
behaving rats. We found decreases in the theta band in cortico-
cortical and in theta and beta bands in cortico-hippocampal
connectivity in TgF344-AD rats relative to WT controls. It has
been postulated that during cognitive processing, theta rhythm
facilitates the formation of long-range functional networks
(Buzsáki and Draguhn 2004). These findings align with previous
observations in which AD progressively affected and impaired
long-range connections in the cortex and hippocampus in both
patients and transgenic mice (Buckner et al. 2009; Bero et al.
2012; Busche et al. 2015; Babiloni et al. 2016).

The most striking alteration seen in TgF344-AD rats, how-
ever, was the immensely high rate of occurrence of spontane-
ous HVSs in the cortical EEG. These hypersynchronous 7–8Hz
spike–wave discharges were present in both TgF344-AD and
age-matched WT rats during passive wakefulness; however,
their incidence was roughly 15-fold greater in transgenic rats.
HVSs were previously described in aged rats of several strains
(Buzsáki et al. 1988; Radek et al. 1994). They are assumed to
reflect epileptic absence seizures based on their spike and wave
pattern, unresponsiveness to mild stimuli, and reduction by
antiabsence drugs (Shaw 2007). Spontaneous nonconvulsive
seizures have been also described in different lines of trans-
genic Aβ overproducing mice (Palop et al. 2007; Minkeviciene
et al. 2009), and more importantly in AD patients (Born 2015;
Vossel et al. 2017). An early study showed that increase in HVS
events coincided with spatial memory deficits in rats (Radek
et al. 1994). This is in line with the proposed causal relationship
between spontaneous recurrent seizures and impairments in
cognitive functions in mouse models of AD (Palop et al. 2007;
Chin and Scharfman 2013), and could possibly explain the poor
spatial memory performance of TgF344-AD rats (Cohen et al.
2013). Interestingly, some findings indicate that increases in
neuronal activity, such as during seizures, can exacerbate Aβ
and tau pathology (Yamamoto et al. 2015; Wu et al. 2016).
Additionally, new data raise the possibility that clinically silent
neuronal hyperexcitability reflected in subclinical epileptiform
activity (i.e., epilepsy-like activity in the absence of clinical sei-
zures), recognized in early stage of disease, might accelerate
cognitive decline in AD patients (Vossel et al. 2016, 2017). The
exact mechanism underlying development of HVSs and their
presumed role in cognitive dysfunction is not completely
understood. However, previous findings indicate that impaired
cholinergic neurotransmission of the nucleus basalis (NB) in
basal forebrain (BF) is a likely substrate for spindling activity
in neocortex (Buzsáki et al. 1988; Riekkinen et al. 1992).
Cholinergic projections of NB provide activation of neocortex
(Mesulam 2013), as well as tonic inhibition of the reticular

nucleus of the thalamus (RT), a putative spindle pacemaker
(Buzsáki et al. 1988). When the RT is released from NB inhibi-
tion due to decrease in cholinergic tone, presumably occurring
as a consequence of the aging or neurodegenerative processes,
it disinhibits thalamocortical relay nuclei which in turn may
trigger HVS discharges.

Experimental data suggest that epileptiform activity could
contribute to impairment of synaptic plasticity that leads to
deficits in hippocampal memory function (Palop et al. 2007).
Thus, we hypothesize that observed abundance of cortical
HVSs in TgF344-AD rats may have a detrimental impact on hip-
pocampal activity, since spindles can reach hippocampus by
the neocortical-entorhinal cortex path (Rolls 2000). In fact,
previous studies have established a correlation between sleep-
associated spindles recorded from the somatosensory, prefron-
tal, and visual cortices with hippocampal SWRs (Buzsáki 2015).
Furthermore, a recent study (Haggerty and Ji 2014) reported
temporal reduction in hippocampal SWRs at or soon after the
onset of sleep-associated cortical spindles. Here, we compared
interaction between HVSs and SWRs in WT and TgF344-AD rats
during periods of passive wakefulness, and found significantly
reduced correlation of HVSs and SWRs in transgenic animals.
Given the high incidence of HVSs expression in TgF344-AD rats,
we speculate that this recurrent cortical spindling keeps hippo-
campal activity suppressed during resting behavior, and thus
affects synaptic plasticity and memory consolidation.

In addition, TgF344-AD rats demonstrated impairments in
sensory processing, exhibiting diminished auditory gating and
40Hz ASSR response in the auditory cortex. Auditory gating
deficit is thought to reflect the brain’s inability to inhibit redun-
dant information which is a precondition for efficient cognitive
processing (Hajós 2006). In accordance with a previous study in
APP/PS1 mice (Wang et al. 2003), we found a significant gating
deficit with suggestive increase in latency to the first AEP in
TgF344-AD rats. Our result is also in agreement with clinical
findings (Thomas et al. 2010), where auditory gating deficit in
patients with mild to moderate AD was remarkably correlated
with impairment in frontal executive functions and sustained
attention. It is noteworthy that auditory gating deficit is tied
extensively to disturbances in cholinergic function, and can be
improved with drugs that increase cholinergic tone such as
donepezil, which is approved for AD therapy (Klinkenberg et al.
2013). Furthermore, significant reduction of 40 Hz evoked ASSR
power in transgenic rats was detected. Interestingly, no study
has yet investigated ASSR in transgenic AD models, and rare
clinical data provide contradictory results showing either a
decrease (Ribary et al. 1991) or increase (van Deursen et al.
2011) in response to 40 Hz ASSR. Also, there is an indication
that the brain’s ability to synchronize oscillations with 40Hz
ASSR stimulation decreases linearly with age (Griskova-
Bulanova et al. 2013). The ASSR at 40 Hz can be strongly modu-
lated by both cholinergic and GABAergic neurons, since
blockade of cholinergic receptors in rats (Zhang et al. 2016) or
selective optogenetic inhibition of fast-spiking, parvalbumin-
positive GABAergic interneurons in the BF of mice (Kim et al.
2015) can significantly reduce 40 Hz evoked power. Considering
that cholinergic neurons can excite cortically projecting BF
GABAergic interneurons (Yang et al. 2014), as well as suggested
impairments of cholinergic neuronal functions in BF over the
course of aging and in AD (Mesulam 2013), reduction in ASSR
power, as observed in this study, could be expected.

Compelling evidence suggests that BF cholinergic neurons
are among the earliest targets of AD pathology, with abnormal-
ities apparent before the onset of cognitive symptomatology
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(Baker-Nigh et al. 2015; Schmitz et al. 2016). In TgF344-AD rats,
we have observed hyperphosphorylated tau in BF cholinergic
neurons (Supplementary Fig. 3), in line with previous findings
of tau pathology in these rats (Cohen et al. 2013). Additionally,
tau-induced alterations have also been described in fast-
spiking, parvalbumin-positive GABAergic interneurons in the BF
septum/diagonal band of Broca, which innervates the hippo-
campus and regulates its rhythmic activity (Soler et al. 2017).
Under normal condition, BF cholinergic neurons and GABAergic
interneurons likely coordinate to control cortical activation and
provide rhythmic drive to the hippocampus. Accumulation of
Aβ and hyperphosphorylated tau could disrupt multiple aspects
of this coordination, leading to abnormalities in cortical and
hippocampal oscillations, as observed in TgF344-AD rats. The
reported abnormalities in these rats, some of which mirror
alterations observed in AD patients, may be used for further
understanding of the mechanisms of disease, and for evaluating
the potential of novel therapeutic approaches.
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Supplementary material is available at Cerebral Cortex online.
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