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Phosphorylation of Tau protein correlates with changes in
hippocampal theta oscillations and reduces hippocampal
excitability in Alzheimer’s model
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Tau hyperphosphorylation at several sites, including those
close to the microtubule domain region (MDr), is considered a
key pathological event in the development of Alzheimer’s dis-
ease (AD). Recent studies indicate that at the very early stage of
this disease, increased phosphorylation in Tau’s MDr domain
correlates with reduced levels of neuronal excitability. Mecha-
nistically, we show that pyramidal neurons and some parvalbu-
min-positive interneurons in 1-month-old triple-transgenic AD
mice accumulate hyperphosphorylated Tau protein and that
this accumulation correlates with changes in theta oscillations
in hippocampal neurons. Pyramidal neurons from young triple-
transgenic AD mice exhibited less spike accommodation and
power increase in subthreshold membrane oscillations. Fur-
thermore, triple-transgenic AD mice challenged with the potas-
sium channel blocker 4-aminopyridine had reduced theta
amplitude compared with 4-aminopyridine—treated control
mice and, unlike these controls, displayed no seizure-like
activity after this challenge. Collectively, our results provide
new insights into AD pathogenesis and suggest that increases
in Tau phosphorylation at the initial stages of the disease
represent neuronal responses that compensate for brain cir-
cuit overexcitation.

Alzheimer’s disease (AD)? is characterized by cognitive def-
icits that are correlated with aberrant hippocampal activity (1,
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2). The hippocampus, which plays a critical role in learning and
memory, is dramatically affected by the extracellular B-amyloid
(AB) plaques and intracellular Tau neurofibrillary tangles
mainly comprised of hyperphosphorylated Tau protein (3).
Because of this neuropathological correlation, the two lesions
have been proposed as the main culprit of AD (4-6). However,
a new hypothesis that has emerged in recent years implicates
brain activity alterations that lead to hippocampal memory loss
and precede classical AD lesions (2, 7). The brain activity alter-
ations would be enough to impair hippocampal synaptic plas-
ticity, which translates into memory deficit (2, 8). Although the
mechanism responsible for these early pathological changes
remains elusive, soluble fragments of A and hyperphosphor-
ylated Tau protein have been suggested to trigger them (2, 9).
For instance, impaired hippocampal activity can be induced by
dendritic missorting of hyperphosphorylated Tau protein (9),
whereas A oligomers can induce Tau phosphorylation at
pathological sites such as Ser'®?, Thr*!”, Thr**!, Ser®*®, Ser®?°,
Ser®*, and Ser*?? (10), which are located close to the microtu-
bule domain region (MDr) of Tau protein (11). However, we
have shown that AB-induced Tau phosphorylation at Tht**!,
Ser?®®, Ser®?¢, and Ser*®* down-regulates N-methyl-p-aspartate
(NMDA) receptor function, promoting the induction of long-
term depression, a type of synaptic plasticity critical for learn-
ing (11). Our data suggest that phosphorylation of Tau MDr
sites could modulate synaptic transmission, plasticity, and
oscillatory activity, thus preventing AB-induced NMDA-medi-
ated overexcitation (11, 12). Accordingly, increased Tau phos-
phorylation at pathological site Ser®°® was found to decrease
the susceptibility to A excitotoxicity (13). Moreover, studies
have reported very early accumulation of abnormally phosphor-
ylated Tau at site Thr?*! in the parvalbumin-positive (PARV +)
hippocampal interneurons, which could contribute to changes
in hippocampal activity (14).

Here, we used a young triple-transgenic AD (3xTg-AD)
mouse model (1 month old) (15) and tested whether very early
phosphorylation of Tau MDr sites could correlate with changes
in hippocampal activity and lower predisposition to hyperex-
citability. The 3xTg-AD mice harbor mutated human (amyloid
precursor protein, APP), Tau, and PS1 genes and exhibit cog-
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nitive impairments related to AB and Tau pathology as early as
4 months of age (15). To determine potential changes in the
hippocampal circuit of the young 3xTg-AD model, we mea-
sured the level of excitability and oscillatory activity (proposed
to be involved in memory storage and information processing
(16)) by recording the intrinsic spontaneously generated CA1/
subiculum theta oscillations.

Our data revealed that in the young 3xTg-AD model, Tau
directly accumulates in pyramidal neurons and in some
PARV+ hippocampal interneurons. Importantly, the hip-
pocampus is known for generating theta activity because of
coordinated synchronous activity of multiple neuronal assem-
blies, including PARV+ and pyramidal cells (17). Moreover,
our findings showed that the detected changes in brain activity
precede cognitive deficits. Finally, our data indicated that the
increase in Tau phosphorylation at Tau MDr sites correlates
with a lower predisposition to 4-aminopyridine (4-AP) overex-
citation of the hippocampal circuitry.

Results
Tau phosphorylation increases in 3xTg-AD mice

To explore the possibility that MDr Tau phosphorylation
increases at very early stages, we measured the levels of Tau
phosphorylation in the young P30 mice (Fig. 14). Western blot-
ting analysis of total protein revealed an increase in phosphor-
ylated Tau at the Ser®*° site in the 3xTg-AD mice when com-
pared with the family related non-Tg group (Fig. 1B). Statistical
analysis further confirmed our findings, because a significant
3.18 = 0.32-fold increase was found in the levels of phosphor-
ylated Tau at the Ser®*° site in the 3xTg-AD mice when com-
pared with non-Tg mice (Fig. 1C). The presence of phosphory-
lated Tau protein in non-Tg mice was barely detected (data not
shown). Notably, phosphorylated Tau protein was found coex-
isting along the entire pyramidal population in the young
3xTg-AD mice (Fig. 1D). The presence of phosphorylated Tau
was clearly observed coexisting with the pyramidal cell layer of
CALl (Fig. 1E). Importantly, pyramidal neurons are responsible
for generating synchronous neuronal activity including theta
rhythms (18). Although the subiculum showed a lower number
of pyramidal cells coexisting with Ser®*®, no significant differ-
ences were detected when compared with the CA1 or CA3
regions (Fig. 1F, insert). Taken together, and consistent with
our previous findings (3), our data showed that sites located at
the Tau C-terminal domain increase at initial stages of disease
progression. Thus, phosphorylated Tau preferentially coexists
with the pyramidal cell layer of the entire hippocampus of the
young 3xTg-AD mice model.

Tau phosphorylation increases in N terminus Tau sites

To further study Tau phosphorylation sites close to their
MDr, we evaluated the levels of Tau phosphorylation at sites
Thr?*'-Ser**® labeled by mAb AT180 (Fig. 24). In agreement
with our previous data, the presence of phosphorylated Tau
protein at sites Thr**' and Ser** was found coexisting along
the entire pyramidal population in the young P30 3xTg-AD
mice (Fig. 24). The increase of phosphorylation levels at sites
Thr?*'-Ser** is clearly observed in the pyramidal cell from the
hippocampus (Fig. 2B). The presence of phosphorylated N ter-
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minus Tau sites in non-Tg mice was barely detected (data not
shown). Importantly, some PARV + hippocampal interneurons
in P30 3xTg-AD mice (Fig. 2C) accumulate phosphorylated
forms of Tau (Fig. 2D, see merge in 2E). A more detailed anal-
ysis of AT180—positive PARV+ cells in P30 3xTg-AD mice
(Fig. 2F) revealed a diffuse phospho-Tau positive staining
within the cytoplasm, sometimes comprising small punctate
regions (Fig. 2G, see merge in 2H). Surprisingly, entorhinal neu-
rons express lower levels of phosphorylated Tau when com-
pared with hippocampal pyramidal neurons (Fig. 21).

Network oscillatory activity at theta band frequency is altered
in young 3xTg-AD mice

The network oscillatory activity can be evaluated by per-
forming extracellular recordings in the complete in vitro septo-
hippocampal preparation (17, 20). We first studied the main
properties of endogenous hippocampal oscillations in the mid-
dle CA1/subiculum area of the 3xTg-AD mice when compared
with family-related non-Tg mice. Importantly, our recordings
were performed at 30 days of postnatal age (P30) in all groups
(see “Experimental procedures”). In line with our previous find-
ings (21, 22), oscillatory activity from the non-Tg group showed
rhythmic theta activity (3—8 Hz) in the CAl and subiculum
areas, characterized by stable power and frequency (Fig. 34; see
also magnification in Fig. 3B). Filtered traces at theta band fre-
quency further confirmed the presence of rhythmic hippocam-
pal theta activity (Fig. 3C). In contrast, hippocampal activity
recorded from 3xTg-AD mice displayed altered theta rhyth-
micity (Fig. 3D; see also magnification in Fig. 3E and filtered
traces in Fig. 3F). The spectrogram analysis showed a regular
power band at theta frequency in the non-Tg mice (Fig. 3G). In
contrast, the 3xTg-AD mice showed an irregular theta pick
power band (Fig. 3H). Statistical analysis further confirmed
rhythmic alterations in the middle CAl/subiculum area of
3xTg-AD mice (Fig. 31). The average strength of theta oscilla-
tions recorded from the non-Tg group was significantly higher
than that of the 3xTg-AD group (non-Tg: 0.034 £ 0.02 and
3xTg-AD: 0.002 £ 0.0004, Fig. 3]). Theta peak frequency anal-
ysis further confirmed an increase in the theta frequency band
in 3xTg-AD mice when directly compared with non-Tg mice
(Fig. 3/). The average frequency of theta oscillations from the
non-Tg and 3xTg-AD groups was 2.76 * 0.36 Hz and 4.51 *
0.91 Hz, respectively (Fig. 3/). Statistical analysis also confirmed
asignificant increase in hippocampal theta frequency activity in
the 3xTg-AD mice when compared with the non-Tg mice (Fig.
3)). To summarize, our study revealed rhythmic alterations at
the theta frequency band in the CAl/subiculum of young
3xTg-AD mice when directly compared with family-related
non-Tg mice (Fig. 3K).

To determine whether intrinsic properties of pyramidal cells
are altered in 3xTg-AD mice, we performed patch-clamp
recordings (Fig. 3L). Action potential properties were examined
using current steps of increasing amplitude (see “Experimental
procedures”). Although the amplitude and frequency of action
potentials across different stimulus intensities did not differ
between the 3xTg-AD and non-Tg groups, a significant power
increase in subthreshold membrane oscillations was observed
in the 3xTg-AD group (Fig. 3M and Table 1). In accordance,
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Figure 1. Tau phosphorylation was found increased in Tau C-terminal domain. A, Tau protein contains multiple phosphorylation sites such as Thr?',
Ser®, Ser®®3, and Ser®®*. B, Tau phosphorylation levels increased at P30 in 3xTg-AD mice. No significant changes were identified in the levels of total Tau
protein detected by mAb TAUS. C, the increase of Tau phosphorylation in the 3xTg-AD group at sites labeled by mAb Ser®?¢ was statistically confirmed. D,
phosphorylation of Tau protein at site Ser*°® was found coexisting with the pyramidal neurons from the subiculum/CA1/CA2 region. E, Tau phosphorylation at
3% s clearly seen in the pyramidal cell layer of CA1. F, fewer cells were labeled in the subiculum area (SUB). No significant changes were detected between
labeled areas (see inset in F), n = 6 in each group. All bar graphs show means =+ S.E. *, p < 0.05; NS, p = 0.05. Scale bars, 200 (D), 50 (E), and 100 (F) wm.
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Figure 2. Tau phosphorylation was found increased in Tau N-terminal domains. A and B, the increase of Tau phosphorylation in 3xTg-AD group at sites
labeled by mAb AT180 was found coexisting with the pyramidal neurons from the CA1/subiculum (A). A magnification is shown in B. C-E, PARV+ hippocampal
interneurons (C) accumulate phosphorylated forms of Tau (D and E, white arrows). F-H, AT180 —positive PARV+ interneurons (F) revealed punctate accumu-
lation of phospho-Tau (G and H, white arrows). Entorhinal neurons displayed lower levels of phospho-Tau (I, white arrows). Scale bar for A, 100 wm; scale bars for

B-E, 50 pm; scale bar for F-H, 20 um; and scale bar for I, 50 wm.

pyramidal cells from 3xTg-AD mice showed less spike accom-
modation (non-Tg: 9.48 * 1.93 and 3xTg-AD: 2.22 * 0.45, Fig.
3N and Table 1).

Early brain circuit changes were independent of
hippocampus-dependent behavioral task

To address the hippocampal function in our young 3xTg-AD
group, we performed the burrowing and nesting tests (23,
24) (see “Experimental procedures”). Importantly, cytotoxic
lesions in the hippocampus directly translate into significant
reductions in the burrowing test (25). In contrast, medial pre-
frontal cortex lesions only induce a smaller reduction in the
burrowing test (26). Thus, the burrowing test can be applied at
early postnatal developmental ages (27). In the same vein, nest-
ing is another assay that can be used to screen hippocampal-de-
pendent behavioral alterations in young mice (24). In the bur-
rowing test, the amount of displaced food pellets was measured
after 2 and 12 h (Fig. 44 and 4B). The amount of food pellets
removed from the burrow by animals belonging to the P30
3xTg-AD group was not significantly different from the num-
ber removed by animals belonging to the non-Tg group at
either 2 h (Fig. 4A4) or 12 h (Fig. 4B). To further evaluate hippo-
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campal-dependent behavior of 3xTg-AD mice, we performed
the nesting assay (Fig. 4C). Consistent with our burrowing find-
ings, we did not find significant differences between non-Tg
and 3xTg-AD mice in the nesting scores (Fig. 4C). In sum, the
3xTg-AD mice displayed no signs of hippocampal function def-
icits at the early postnatal developmental age of P30.

Hippocampal network hyperexcitability was reduced in the
3xTg-AD mice

We recently reported that hippocampal network excitability
is increased in the TgCRND8 AD mice (22). This mice is char-
acterized by A3 deposition at 20 weeks of age (6). Interestingly,
in contrast to non-Tg mice, blocking of Kv potassium channels
with 4-AP in TgCRNDS8 at postnatal developmental stages
(P30) increased theta power and induced seizure activity (22).
To examine the network excitability of 3xTg-AD mice in the
same experimental conditions, we bath-applied 4-AP while
recording the complete septo-hippocampal preparation ob-
tained from non-Tg and 3xTg-AD mice. Treatment with 4-AP
elicited an increase in theta amplitude in the non-Tg group (Fig.
5A, black rectangle), which was followed by seizure-like activity
(Fig. 54, see magnification in the lower panel), characterized by
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Table 1
Membrane and firing properties of pyramidal cells in 3xTg-AD mice

All values are means * S.E. (n = 5 for pyramidal cells from Non-Tg mice and n = 5
from 3xTg-AD mice). Independent ¢ test comparisons produced significant differ-
ences for spike frequency adaptation and subthreshold membrane oscillations (p <
0.05). Maximal firing frequency was calculated from the total number of spikes
elicited by 600-ms-long current injections of 200 pA above the firing threshold.
Spike frequency adaptation was calculated as the normalized ratio of the instanta-
neous frequency at the first and last spike intervals in an action potential train
(first — last/first). *, p < 0.05.

Non-Tg 3xTg-AD
Resting potential (mV) —62*+4.2 —65 * 3.8
Membrane resistance (M(}) 339.56 +45.99  350.77 = 54
Subthreshold membrane oscillations ~ 0.11 *= 0.039 0.15 + 0.031*
(mV? X 1074
Spike frequency adaptation 9.48 +1.93 2.22 + 0.45*

ictal discharges (28). Conversely, 4-AP treatment in 3xTg-AD
mice did not elicit a visible increase in theta amplitude (Fig. 5B).
Contrary to the non-Tg group, 4-AP treatment caused a reduc-
tion in theta amplitude, and no seizure-like activity was
observed (Fig. 5B). Further supporting our findings, zero Mg>"
did not elicit detectable changes in the amplitude and fre-
quency of theta activity in the 3xTgAD mice (Fig. 5C).

Statistical analysis further confirmed our findings, because a
significant increase in theta magnitude was found during and
after 4-AP stimulation in the non-Tg group (3.53 * 0.90-fold
increase when compared with baseline) (Fig. 5D). No signifi-
cant changes were detected in frequency during the 4-AP treat-
ment (Fig. 5E). Concomitantly, a significant decrease (0.64 =
0.09-fold decrease when compared with baseline) was detected
in the 3xTg-AD group during and after 4-AP stimulation (Fig.
5F). Once again, no notable change was detected in the fre-
quency of theta activity during and after 4-AP treatment in the
3xTg-AD group (Fig. 5G). Overall, the young 3xTg-AD mice
were characterized by a less excitable hippocampal network
activity.

Discussion

In this study, we assessed the structural and functional
changes to pyramidal neurons from 3xTg-AD mice at the very
early stage of disease progression (P30). Interestingly, we found
that most of the pyramidal neurons in the CA1-3, in subiculum
regions, and in some PARV+ hippocampal interneurons from
the 1-month-old 3xTg-AD group increased the levels of phos-
phorylated Tau protein at MDr sites (Fig. 1 and 2).

Because pyramidal cells and PARV+ interneurons are
mainly responsible for the generation and maintenance of theta
rhythms (18), our data suggested the existence of very early
changes in hippocampal oscillatory activity that could affect
cognitive function. Importantly, it has been proposed that low-
frequency neural entrainment in the neural theta bands pro-

vides a mechanism to represent and integrate temporal infor-
mation (29 -31).

To isolate the correlation of hyperphosphorylated Tau pro-
tein in hippocampal circuit activity, we recorded the spontane-
ously generated theta activity in the pyramidal cell layer of the
3xTg-AD model. Our data revealed that spontaneously gener-
ated theta oscillations are altered as early as 30 days of age in the
3xTg-AD group (Fig. 3). Specifically, we found a significant
reduction in rhythmicity and a significant increase in theta fre-
quency (Fig. 3). Further supporting our findings, pyramidal
cells from 3xTg-AD mice had significant power increase of sub-
threshold membrane oscillations and reduction of the spike
accommodation (Fig. 3 and Table 1).

Similarly, changes in hippocampal theta activity have been
correlated with the cognitive deficit observed during neurode-
generation (32). Specifically, slowing of hippocampal activity
has been correlated with cognitive decline in early onset AD
(33). Considering this, the increase in theta frequency in our
study argues against the decline of hippocampal-dependent
behavioral tasks. Aiming to explore this possibility, we per-
formed the nesting and burrowing tests in the young 3xTg-AD
model. Accordingly, our 1-month-old 3xTg-AD group did not
show hippocampal-dependent behavioral abnormalities (Fig.
4). In the 3xTg-AD model, alterations in hippocampal-depen-
dent tasks are detected as early as 4 months of age (34), hence
supporting our findings. Altogether, our work provides evi-
dence that the electrophysiological changes precede memory
impairment in the 3xTg-AD model. Thus, our data postulate
very early alterations in theta activity as a potential biomarker
that precedes any detected cognitive deficit observed during
neurodegeneration. To further support our conclusions, the
hypothesis that alterations in network activity, specifically
hypersynchronous network activity preceding protein deposi-
tion and cognitive dysfunction in AD models, has been widely
recognized (35-37).

Although there was no evidence of cognitive deficit in the
P30 3xTg-AD model, abnormal excitability in the CA3 hip-
pocampal network was recently reported (38). To study the
level of the hippocampal circuit excitability in the CA1/subic-
ulum pyramidal cell layer of the young 3xTg-AD model, we
bath-applied 4- AP while recording theta activity (Fig. 5). Block-
ing of Kv potassium channels with 4-AP, in TgCRNDS at early
P30, increased theta power and induced seizure activity (22).
Altogether, our data demonstrated for the first time that the
CA1 hippocampal network in the TgCRND8 AD mouse model
showed hyperexcitability preceding protein deposition and
cognitive impairments (22). However, the blocking of Kv chan-
nels in the P30 3xTg-AD mouse model exerted the opposite
effect; the CA1/subiculum hippocampal network showed sig-

Figure 3. Young 3xTg-AD mice were characterized by alterations in theta activity. A, representative traces of network oscillatory activity recorded in the
CA1/subiculum area of non-Tg mice. B, theta band activity magnification of sample window from non-Tg mice. C, filtered traces at theta band frequency (3-8
Hz) from non-Tg mice. D, representative traces from theta activity recorded at CA1/subiculum of 3xTg-AD mice. E, theta band activity magnification of sample
window from 3xTg-AD mice. F, filtered traces at theta band frequency (3-8 Hz) from 3xTg-AD mice. G and H, spectrograms (400 s) from the same recordings
shown above (G and H, respectively). ], statistical analysis of theta oscillation strength confirmed lower values in the 3xTg-AD group when compared with the
non-Tg group.J, statistics showed the increase in average oscillation frequency from the 3xTg-AD group when compared with the non-Tg group. K, micrograph
and recording position in the septo-hippocampal preparation. L, comparison of subthreshold membrane oscillations and spike accommodation in 3xTg-AD
and non-Tg group. M, graphic representation of subthreshold membrane oscillations in the 3xTg-AD group when compared with the non-Tg group. N, graphic
representation of spike accommodation in the 3xTg-AD group when compared with the non-Tg group. All bar graphs show means =+ S.E. *, p < 0.05.
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Figure 4. 3xTg-AD mice did not show behavioral abnormalities at 30 days of age. 3xTg-AD and non-Tg mice were analyzed in the burrowing (A and B) and
nesting tests (C) at 30 days of age. No significant differences were observed in either test between non-Tg and 3xTg-AD groups (A-C). All bar graphs show

means £ S.E.NS, p = 0.05).

nificantly reduced excitability when compared with the non-Tg
group (Fig. 5). In addition, seizure susceptibility in young
3xTg-AD mice was significantly diminished (Fig. 5). Of rele-
vance, whole-cell 4-AP—sensitive K current amplitude did not
change from 1 to 6 months of age and was not different in
3xTg-AD mice compared with in WT in CA1, CA3, or dentate
neurons (19).

Altogether, these findings suggest the activation of homeo-
static mechanisms that aim to protect the hippocampal net-
work excitability levels. As previously mentioned, we reported
that Tau phosphorylation at MDr sites could serve as a regula-
tory mechanism to prevent overexcitation (11). Specifically, we
reported that increases in sites Thr**!, Ser**°, Ser®*¢, and Ser***
reduced susceptibility to excitotoxicity by perturbing the PSD-
95-Tau—Fyn synaptic complex, therefore promoting the syn-
aptic response to depression rather than to potentiation (11).
Recently, it has been reported that increased Tau phosphoryla-
tion inhibits B-amyloid toxicity and prevents seizure activity in
AD transgenic mice, thus supporting our hypothesis (13).

Importantly, our results do not rule out the possibility that
the accumulated increase of hyperphosphorylated Tau exerts
deleterious effect on neural system function at later stages in
the disease. However, our data showed that although the
increase in phosphorylated Tau at very early stages has no effect
on hippocampal-dependent tasks, it could protect the hip-
pocampal circuit from overexcitation.

Overall, our findings demonstrated that induced seizure
activity decreases in young 3xTg-AD mice and an increase in
Tau phosphorylation at MDr sites could mitigate hyperexcit-
ability by directly interacting with the pyramidal circuitry that
spontaneously generates theta oscillations. These findings are
in line with our previous findings where we proposed that Tau
phosphorylation at MDr sites could serve as a regulatory mech-
anism that prevents NMDA receptor overexcitation produced
by AB (11). Also, the data presented in this document are also
important because they contradicted the current and leading
hypothesis that postulates Tau protein phosphorylation as
mainly a pathological response. Instead, the data presented in
this document, along with our previous data (3, 11), showed
that Tau phosphorylation at the initial stages of disease pro-
gression could represent a compensatory mechanism that
mediates neuroprotection against hyperexcitability. Finally,
further studies on AD and other tauopathies are needed to fully
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understand the biological roles and post-translational modifi-
cations of Tau protein (12).

Experimental procedures
Animals

Male 30-35-day-old 3xTg-AD and age-matched nontrans-
genic (non-Tg) mice from strain B6129SF2/] (The Jackson Lab-
oratory) were housed in groups of 2—4 animals and maintained
on a 12:12 light cycle with water and food available ad libitum.
Experimental procedures were approved by the Bioethics com-
mittee of the Institute of Neurobiology, UNAM. Genotype was
confirmed by PCR (The Jackson Laboratory protocol). The
mice were taken from their home cage and sacrificed by
decapitation.

Electrophysiology

3xTg-AD and non-Tg mice (aged 30-35 days) were decapi-
tated, and the brain was rapidly removed and placed in ice-cold
high sucrose artificial cerebrospinal fluid (ACSF) solution (252
mM sucrose, 3 mMm KCl, 2 mm MgSO,, 24 mm NaHCO,, 1.25 mm
NaH,PO,, 1.2 mm CaCl,, and 10 mm glucose) and bubbled with
carbogen (95% O, and 5% CO,). A glass plate (inverted Petri
dish) covered with lens paper was used as the stage for most of
the dissection. The glass plate can be rotated on the crushed ice
throughout the dissection to gain access to various parts of the
hippocampus with the dissection instruments. The cerebellum
and frontal cortex were removed with a razor blade, and the
hemispheres were separated and allowed to recover for 2-3
min in the oxygenated sucrose solution. Complete septo-hip-
pocampal isolate was then removed from the remaining
hemisection as described previously (17). In sum, one spatula
supported the inner portion of the cortical hemisphere, and the
other was used to gently pull away the brainstem and thalamus
to expose the hippocampal artery and underlying CA3 and den-
tate gyrus. To separate the hippocampus from the cortex, the
spatula was again placed between the cortex and extreme dorsal
end of the hippocampus and moved smoothly through to the
caudal portion of cortex. During this process the spatula helped
separate the CAl/subicular tissue from the overlying cortex.
The hippocampal complex was removed from the surrounding
brain tissue by placing one spatula on the CA3/dentate gyrus
region of the dorsal hippocampus and pulling the dorsal hip-
pocampus toward to the caudal portion of the brain. Blood
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Figure 5. 3xTg-AD mice were characterized by a less excitable hippocampal network. A and B, raw traces of theta oscillations recorded in the CA1/
subiculum area of non-Tg (A) and 3xTg-AD mice (B). In the non-Tg group, 4-AP increased theta amplitude during (A, black rectangle and lower panel) and after
stimulation (A, lower panel). In the 3xTg-AD group, 4-AP decreased theta amplitude during (B, black rectangle and lower panel) and after stimulation (B, lower
panel). C, zero Mg?" did not elicit detectable changes in the amplitude and frequency of theta activity in the 3xTg-AD mice. D, the theta power increase for
non-Tg animals under 4-AP stimulation was statistically confirmed. E, no significant changes were observed in theta frequency for the non-Tg group when
treated with 4-AP. F, a statistically significant decrease in theta amplitude was found in the 4-AP 3xTg-AD treated group. G, no significant changes in frequency
were detected in the 4-AP 3xTg-AD group. All bar graphs show means = S.E. *, p < 0.05; NS, p = 0.05.
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vessels may impede prompt removal and should be cut away
but not ripped out to avoid unnecessary tissue damage. The
entire hippocampal isolation procedure was completed within
1 min. Any remaining cortex was removed using micro-scissors
when the preparation was returned to the oxygenated sucrose
solution. After dissection, the complete septo-hippocampal
preparation was left at room temperature in ACSF bubbled
with carbogen for 60 min. For recording, the preparation was
transferred quickly to a custom-made submerged recording
chamber. Recordings were performed at 30-32°C after an
additional 30-min period in the chamber. The preparation was
continuously perfused with ACSF (25 ml/min, 126 mm NaCl, 24
mM NaHCO,, 10 mm glucose, 4.5 mm KCl, 2 mm MgSO,, 1.25
mwm NaH,PO,, and 2 mm CaCl,, pH 7.4, with 95% O,/5% CO,)
via a gravity-fed perfusion system and maintained at 30-32 °C.
Local field potentials were recorded using glass micropipettes
(2—6 MQ) filled with ACSF. The signals were recorded through
a differential AC amplifier (A-M Systems), filtered online (0.1-
500 Hz), and sampled at 5 KHz. The wave shape of the theta
oscillation varied according to frequency and maintained a
symmetrical near-sinusoidal shape like in vivo theta rhythm.
This hippocampal theta was observed using normal artificial
cerebrospinal fluid. Power spectra were calculated using the
multitaper method (Chronux toolbox) using seven tapers. Inte-
grated theta-band power was calculated in 5-s bins over a
period of 2—14 min, and the mean spectrum was taken as the
grand mean of each animal. Changes in theta power were mea-
sured in mV?/Hz.

All drugs came from aliquots of stock solutions (stored at
—80 °C) and were added to the perfusing artificial ACSF at the
concentrations indicated. Base line recording lasted for 20 min
followed by 0.5 min of pharmacological stimulation (4-AP at
150 um) and 20 min recovery after stimulation.

Patch recordings

The animals were anesthetized with sodium pentobarbital
(63 mg/kg) and perfused transcardially with cold modified arti-
ficial cerebrospinal fluid with the following composition: 238
mM sucrose, 3 mMm KCl, 2.5 mm MgCl,, 2 mm NaHCO,, and 30
mM D-glucose, pH 7.4, and bubbled with carbogen (95% O, and
5% CO,). After a maximum of 1.5 min of transcardial perfusion,
the animals were decapitated, and the brains were removed and
dissected in ice-cold ACSF containing the following: 119 mm
NaCl, 3 mm KCl, 1.5 mm CaCl,, 2 mm MgCl,, 25 mm NaHCO,,
and 30 mMm D-glucose, pH 7.4. One cerebral hemisphere was
mounted onto an agar block with a 30 grades inclination. Slices
(400 wm thick) containing the hippocampal formation were cut
with a vibratome (Thermo Scientific HM650V). The slices were
left to recover at room temperature for at least 60 min before
experimental manipulation. Whole-cell patch—clamp record-
ings were obtained using the visual patch—clamp technique
with an Axo-clamp 2B amplifier (Axon Instruments, Foster
City, CA). The cells were aimed for and recorded based on their
location CA1 pyramidal layer of the hippocampus. Neurons
from non-Tg and 3xTg-AD mice were recorded. Patch elec-
trodes (4—8 M() were pulled from filamented borosilicate
glass tubes (G150F-4; Warner Instruments, Handem, CT) and
filled with a solution containing: 140 mm potassium gluconic
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acid, 10 mm EGTA, 2 mm MgCl,, 10 mm HEPES, 2 mm Na,ATP,
and 2 mm LiGTP, pH 7.4. Cell characterization was performed
by injecting 0—600-pA, 600-ms-long depolarizing and hyper-
polarizing current steps. Recordings were restricted to neurons
located within the CA1/subiculum portion of the hippocam-
pus. Whole-cell recordings were kept for analysis only if the
neuron remained stationary throughout the recording, spikes
overshot 0 mV, and access resistance was <30 M().

Hippocampal dependent behavioral task

For nesting, 1 h before the dark phase each mouse (n = 12)
was transferred to an individual cage wood-chip bedding but
without environmental enrichment items. We placed a cotton
square (5 X 5 cm) on each cage. The following morning the
nests were assessed, according to Deacon (23-27) as follows: 1)
Nestlet not noticeably touched (>90% intact). 2) Nestlet par-
tially torn up (50 -90% remaining intact). 3) Mostly shredded
but often no identifiable nest site: <50% of the nestlet remains
intact but <90% is within a quarter of the cage floor area, i.e. the
cotton is not gathered into a nest but spread around the cage.
Note: the material may sometimes be in a broadly defined nest
area, but the critical definition is that 50 —-90% has been shred-
ded. 4) An identifiable, but flat nest: >90% of the nestlet is torn
up, the material is gathered into a nest within a quarter of the
cage floor area, but the nest is flat, with walls higher than mouse
body height (curled up on its side) on less than 50% of its cir-
cumference. 5) A near perfect nest: >90% of the nestlet is torn
up, and the nest is a crater, with walls higher than mouse body
height on more than 50% of its circumference.

For burrowing, a day before the test, the cage mates were
moved as two separated groups from their home cage to a larger
rat cage (26 X 48 X 20 cm). We placed burrow consisting of a
plastic black tube, 20 cm long and 7.5 cm in diameter, which
was raised 2.5 cm by two screws bolted at the open end. The
lower end of a burrow was closed off, and the tube contained
200 g of standard mouse food pellets. We let both groups do the
task during the night to improve burrowing ability and dimin-
ish variability between animals. In the next session, 3 h before
the dark phase of the cycle, the mice were placed individually in
rat cages containing a burrow filled with 200 g of food pellets;
the animals had access to water, but there was not extra food to
keep them focused on the task. The amount of food pellets
displaced after the first 2 h of the test was recorded. The burrow
was refilled, and the test continued overnight and the following
morning. The weight of the pellets removed from the burrow
was recorded.

Immunohistochemistry

Additional male mice were anesthetized by pentobarbital
and transcardially perfused (PBS followed by 4% paraformalde-
hyde). The brains were stored in fixative for 24 h at 4 °C and
then in a sucrose solution (30% in PBS) for 3 days at 4 °C; frozen
using dimethylbutane; and stored at —80 °C. The brains were
sliced coronally using a freezing microtome at 40 um for light
microscopy or using a vibrating microtome at 50 um for fluo-
rescence microscopy, and free-floating sections were stored in a
preservative solution (3:3:4 glycerol:ethylene glycol:PBS) at
—20°C in preparation for immunohistochemistry staining.
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The serial sectioning fraction for immunohistochemistry was
). Washes in PBS preceded all steps except primary antibody
addition. All steps were at room temperature unless otherwise
specified.

For immunofluorescence, the sections were incubated for 2 h
with PBS containing 1% normal goat serum, 0.25% Triton
X-100, and 0.45% gelatin. The sections were further incubated
overnight at 4 °C with phospho-Tau (Ser®*°), AT180, and anti-
PARV-positive (Thermo Fisher and Sigma—Aldrich). The sec-
tions were incubated for 2 h with secondary antibody (Alexa
488 —596 — conjugated goat anti-rabbit; 1:2000 dilution). The
sections were then mounted on glass slides with Vectashield
mounting medium (Vectorlabs). Fluorescence was visualized
using an epifluorescence (Axioplan2; Zeiss) microscope. The
CA1/subiculum/CA3 areas were observed with 20X objective.
High magnification photomicrograph was obtained with a 40X
objective.

Western blotting

For Western blotting analysis, total protein from hippocam-
pal preparations were obtained by lysis buffer. A total of 15-20
pg of total protein was loaded on a 10% SDS-PAGE, separated
and transferred onto Immobilon-P transfer membranes (Milli-
pore). The following antibodies and dilutions were used: Tau5
(mAD against total Tau, Abcam, 1:2000. Tau5 antibody detects
all six Tau isoforms and depending on gel migration different
band sizes could be detected) and phospho-Tau (Ser®*®) (mAb
against phosphorylated Tau, Thermo Fisher, 1:2000). To eval-
uate differences in Tau phosphorylation, equal amounts of total
protein from 3xTg-AD and non-Tg animals were loaded. The
blots were developed using ECL-Plus (GE Healthcare) or
Supersignal West Femto (Pierce). The results were quantified
with Image] software and were normalized to the total Tau
protein signal.

Data analysis

Using custom MATLAB software, field traces were filtered
and analyzed using a Fourier transform. Autocorrelogram of
the filtered theta signal was used to derive a value reflecting the
degree of rhythmicity. All data were analyzed statistically by
either, pairwise comparisons with Student’s ¢ tests or Mann—
Whitney U test using STATISTICA 7 (StatSoft, Inc.). In all
tests, values of p < 0.05 were considered to indicate signifi-
cance. Bar graphs show experimental means, with error bars
indicating standard error of the mean.
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