
Optical visualization of Alzheimer’s pathology via multiphoton-
excited intrinsic fluorescence and second harmonic generation

Alex C. Kwan1, Karen Duff2, Gunnar K. Gouras3, and Watt W. Webb1,*
1 School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, USA
2 Taub Institute for Research on Alzheimer’s Disease and the Aging Brain, Columbia University
Medical Center, New York City, New York 10032, USA
3 Department of Neurology and Neuroscience, Weill Medical College of Cornell University, New
York City, New York 10021, USA

Abstract
Intrinsic optical emissions, such as autofluorescence and second harmonic generation (SHG), are
potentially useful for functional fluorescence imaging and biomedical disease diagnosis for
neurodegenerative diseases such as Alzheimer’s disease (AD). Here, using multiphoton and SHG
microscopy, we identified sources of intrinsic emissions in ex vivo, acute brain slices from AD
transgenic mouse models. We observed autofluorescence and SHG at senile plaques as well as
characterized their emission spectra. The utility of intrinsic emissions was demonstrated by imaging
senile plaque autofluorescence in conjunction with SHG from microtubule arrays to assess the
polarity of microtubules near pathological lesions. Our results suggest that tissues from AD
transgenic models contain distinct intrinsic emissions, which can provide valuable information about
the disease mechanisms.

1. Introduction
Alzheimer’s disease (AD) is a prevalent neurodegenerative disease for which there is no known
cure. Patients usually suffer from dementia, along with other behavioral changes, so
examinations on memory and cognitive abilities are standard tests for diagnosing AD.
However, confirming the initial diagnosis of the actual cause of dementia is often difficult.
Definitive confirmation is possible with post-mortem autopsy, where histology on brain tissues
reveals senile plaques and neurofibrillary tangles (NFT), the two hallmark pathological lesions
in AD. As a result, there are strong incentives to develop reliable methods for early diagnosis
of AD. To address this need, new approaches are being developed. Positron emission
tomography (PET) imaging of Pittsburgh Compound-B has been shown to bind amyloid-beta
deposits in human patients in vivo [1]. Optical imaging with amyloid-beta deposit-specific
near-infrared optical probes is being developed and has generated some successes in transgenic
mouse models [2]. These new imaging approaches use exogenous compounds that can
selectively label pathological lesions and therefore enhance signal-to-noise. Alternatively,
endogenous optical signals may also provide contrast between AD and normal tissues. For
example, one recent study [3] reports that transmission and reflectance spectra in near-infrared
region from unstained in vitro tissue slab samples may be useful in distinguishing AD from
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normal tissues, although the molecular origin of this observation was not specified. Interpreting
this type of studies is difficult due to a lack of information about intrinsic emissions from AD
tissues, which has only been recently investigated in detail in normal tissues [4].

It is generally known that brain tissues contain various endogenous proteins that can generate
autofluorescence and/or second harmonic emissions. It is possible that these endogenous
optical signals can provide contrast between normal and AD tissues. Moreover, if applied to
AD tissues, intrinsic emissions may provide functional information that is useful in
understanding the disease mechanisms. For example, fluorescence from NAD(P)H, an electron
carrier that is crucial in metabolic pathways, has been used to investigate the dynamics of
functional brain energy metabolism [5,6]. Second harmonic generation (SHG) emitted from
microtubules has been used to map the distribution of polarized microtubule arrays in acute
brain tissues from mice of various ages [7,8].

There have been several reports on autofluorescence from AD-related lesions. An early paper
from Dowson [9] described autofluorescence from senile plaque in the brain tissues from
human patients. Using tissues embedded in paraffin wax and sectioned thinly, he described a
blue autofluorescence (>430nm) from senile plaques that were excited with ultraviolet light.
This observation was confirmed by a more recent study [10], which also studied human AD
tissues. For transgenic mouse models, one study [11] has reported that a particular mouse model
that overexpresses human mutant amyloid precursor protein (APP) contain intrinsically
fluorescent senile plaques. Lastly, several years ago, our group and collaborators have reported
that NFTs in human AD brain tissues can generate a blue autofluorescence that has an emission
peak at ~460nm [4].

Because most of the previous studies [9–11] used wide-field or confocal microscopy on post-
mortem or fixed brain tissues, they are restricted to superficial areas or thinly-sectioned
preparations. Furthermore, dead or fixed tissues lose intrinsic emissions that could originate
from live cells, such as autofluorescence from NAD(P)H and SHG from microtubules. Here,
we use multiphoton microscopy [12,13] to investigate the various sources of intrinsic
emissions, including from senile plaques, from transgenic AD mouse models. We demonstrate
the utility of these intrinsic emissions by assessing the polarity and morphology of dendritic
microtubule arrays near senile plaques and finally, discuss how endogenous signals may be
useful for AD diagnosis.

2. Materials and methods
2.1. Multiphoton and second harmonic microscope

Imaging was performed on a custom-built multiphoton microscope based on a commercial
laser beam scanning unit (Bio-Rad MRC 1024) and an inverted microscope (Olympus, IX-70).
Trains of laser pulses at 80MHz and ~100fs duration were generated by a mode-locked
Ti:Sapphire laser (Spectra-Physics Tsunami), which was pumped by a 5W diode laser (Spectra-
Physics Millennia). Intensity and polarization were controlled by a Pockels cell (Conoptics
350–50) and a Berek compensator (New Focus 5540). The beam was focused onto the sample
by an Olympus UApo/340 20X/NA 0.7 water immersion objective, which also collected the
epi-fluorescence. The transmitted SHG was collected by an Olympus XLUMPlanFl 20X/NA
0.95 dipping objective. The average power after the objective was ~70–130mW. For imaging,
samples were excited at 774nm and signals were detected with bi-alkali photomultiplier tubes
(Hamamatsu HC125-02). SHG was collected behind a focusing lens, an IR-blocking short-
pass dichroic and a narrowband emission filter, centered at 387nm (Semrock FF720 and
FF01-387/11). Autofluorescence was collected from 400–550nm behind a blue glass filter
(Chroma BGG22).
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Emission spectra were obtained using a liquid nitrogen-cooled CCD spectrometer (Jobin Yvon
Spex270M). The spectrometer was coupled to the microscope via an optical fiber replacing
the usual bi-alkali photomultiplier in the transmission-direction. To collect one spectrum, a
small square area ~50 μm wide was continuously scanned at high zoom for 10 seconds. To
reduce photodamage, excitation wavelength was set at 830nm and average power was reduced
to ~25mW. Dark counts were subtracted by acquiring a blank spectrum with shutter closed.
The spectrometer was calibrated with collagen SHG spectra collected from a rat tendon sample.

2.2. Tissue preparation
Acute brain slices were prepared from 12 mice, including one with APP Swedish mutation
[14] (obtained from G. K. Gouras), two with APPSwe/PS1 double mutations [15] (ordered
from Jackson Laboratory), two with APPSwe/TauJNPL3 double mutations [16] (obtained from
K. Duff), and three with APPSwe/PS1/Tau triple mutations [17] (obtained from G. K. Gouras),
and four wild-type mice. All mice were at least 1-year old. All preparations were performed
in accordance with Cornell University animal use regulations (IACUC protocol 00-46-03).

To prepare acute slices, we removed the brain following CO2 euthanasia. Immediately, the
brain was dipped in iced artificial cerebrospinal fluid (ACSF) composed of (in mM): NaCl,
120; KCl, 2.5; NaH2PO4, 1; MgSO4, 1.3, NaHCO3, 25; D-glucose, 10; CaCl2, 2.5, that was
saturated with 95% O2 and 5% CO2. Transverse hippocampal slices 300–400μm thick were
cut using a vibratome (Campden Instruments). Slices were then incubated in oxygenated ACSF
at 35°C for 1 hour. During imaging, slices were held under nylon grid anchors in a flow chamber
(Warner Instruments) and perfused with oxygenated ACSF at room temperature.

After imaging the intrinsic emissions from unstained brain slices, AD pathology was verified
by Thioflavin-S or BTA-1 staining of senile plaques. Brain slices were fixed in 4%
paraformaldehyde in PBS in the refrigerator overnight. Next the slices were incubated for 1–
2 hours in Thioflavin-S (Sigma, 0.0005–0.001% by weight in PBS), or 40μM BTA-1 (Sigma,
40mM in DMSO then diluted 1:1000 in PBS), and then rinsed three times in PBS. During
imaging, the slices were placed in 35mm glass-bottom dishes (Warner Instruments).

3. Results
3.1. Autofluorescence and SHG in acute brain slices of AD mouse models

Acute hippocampal slices from transgenic AD mouse models show a distinct pattern of
autofluorescence and SHG emissions (Fig. 1). Four sources of emissions can be identified by
morphology: senile plaques, lipofuscins, microtubules, and blood vessels. Senile plaques
appear as spherical objects with diameter ~30–70μm that emit a diffuse autofluorescence.
Lipofuscin is small, bright, and densely packed along the pyramidal cell layers. Microtubules
are only visible in the SHG channel and are most visible in regions adjacent to the cell layers
[7,8]. Blood vessels are sparse and tend to branch with Y-shaped junctions [8]. When
comparing AD mouse models to wild-type mice, autofluorescence from senile plaques is
unique to the transgenic models.

Previous studies have reported senile plaque autofluorescence in thin tissue slices, including
from both native and fixed “smear preparations” from human brain [10] or 10–20μm-thick
sections prepared for immunohistochemistry [9,11]. Here we found autofluorescence from
senile plaques in 400μm-thick native brain slices, a much thicker sample, by using multiphoton
microscopy, which is more suited for imaging in highly scattering tissues [13]. We used acute
slices that were prepared fresh from transgenic animal models, perfused continuously with
oxygenated ringer, and used within ~5 hrs; therefore, this preparation represents an ex vivo
tissue model that most accurately resembles in vivo tissues. Because acute slices preserve
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healthy neurons, they are the standard ex vivo preparation for experiments such as patch-clamp
recordings of neurons [18]. Intrinsically fluorescent senile plaques were observed in acute
slices from all transgenic mouse models examined. Moreover, this type of autofluorescence
can be observed in acute slices >100μm below the surface.

To confirm the identity of the intrinsically fluorescent structures that morphologically resemble
senile plaques, after imaging we fixed the brain slices and stained with plaque-specific dyes
Thioflavin-S or BTA-1. Figure 2 compares unstained and stained plaque-burdened regions to
show that the autofluorescence originates from senile plaques. Interestingly, a small amount
of SHG emission was also seen to be generated by senile plaques.

The number density of intrinsically fluorescent senile plaques is highly variable between
different mice, possibly due to the variable stages of disease progression. All mice showed
substantial numbers of intrinsically fluorescent senile plaques in the entorhinal cortex and a
lesser amount in the neocortex. Senile plaques tend to be sparse or absent in area CA1 in the
hippocampus, although a fair number of plaques couldbe seen in an 18-month-old
APPSwe2756/PS1 mouse that was probably in an advanced disease state.

We tested whether our preparation methods could affect the quality of autofluorescence. Senile
plaque autofluorescence was seen in slices that were imaged immediately following dissection,
i.e. without the 1-hour incubation period. Moreover, the autofluorescence persists after
overnight fixation in formaldehyde.

Lipofuscins appeared as small, bright specks in all areas of the brain, but were especially
numerous along the CA1 and CA3 layers in the hippocampus. We compared the number density
of lipofuscins between transgenic and wild-type mice at similar ages, but found no statistically
significant differences (data not shown), which agrees with a published study [19]. Finally, our
group has previously reported [3] that NFTs in human AD brain tissues are intrinsically
fluorescent, but we have not been able to find such examples in our APPSwe/PS1/Tau
transgenic models that have been reported to contain NFTs [17]. The lack of autofluorescence
here does not necessarily imply a negative result: the mice examined in this work could be at
relatively early stages of disease, or they may lack particular tangle pathologies when compared
to human tissues. These ideas are addressed in detail in the Discussions section.

3.2. Emission spectrum of autofluorescence from individual senile plaques
The emission spectrum of senile plaque autofluorescence has not been determined before,
presumably because the structures are relatively small and bulk tissues contain other sources
of intrinsic emissions. We overcome these problems by relying on multiphoton microscopy’s
micron-scale axial and lateral spatial resolution, which enable us to scan a single plaque and
obtain a clean emission spectrum of the autofluorescence (Fig. 3). The emission spectrum is
broad and peaks at ~525nm. This measurement agrees with general statements about “blue
autofluorescence” from previous reports [9–11]. Qualitatively, we observed that the senile
plaque autofluorescence can be multiphoton-excited from ~720–860nm. Moreover, a second
emission peak can be seen at exactly half of the excitation wavelength. The wavelength and
the narrow width imply that this second emission peak is due to SHG. The second harmonic
nature of this emission peak was confirmed by a corresponding blue shift when the excitation
wavelength was lowered.

In an adjacent region with no plaque, the detected emission is significantly weaker and seems
to contain multiple broad peaks. It is likely that lipofuscins contribute to emissions at higher
wavelengths and possibly NAD(P)H or flavins contribute to emissions below 500nm (Cf.
[4]). Comparing the spectra obtained at senile plaques and from adjacent regions showed that
autofluorescence can be distinguished from the background by the emission spectrum. We also
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obtained the emission spectra of senile plaques that were stained with Thioflavin-S following
formaldehyde fixation. The Thioflavin-S fluorescence has a relatively narrow spectrum that
peaked at ~480nm, which is distinct from the autofluorescence emission obtained from
unstained brain slices. Thioflavin-S fluorescence in stained brain slices was significantly
brighter than the autofluorescence in unstained brain slices. There was significant difference
between the peak emission wavelength and spectral shape of the emissions recorded at plaques
from Thioflavin-S-stained and unstained brain slices. This difference confirms that the
autofluorescence in unstained brain slices is not fluorescence resulting from Thioflavin-S
contamination.

3.3. Functional imaging of intrinsic emissions in AD mouse models
To demonstrate the utility of intrinsic emissions, we imaged SHG emissions from polarized
microtubules and autofluorescence from senile plaques to investigate whether the polarity or
the morphology of microtubule arrays are affected in AD mouse models. Tau, a microtubule-
associated protein, has been implicated as a possible cause for neurodegeneration [20]. Electron
microscopy studies have shown that tau can accumulate in postsynaptic locations [21,22], and
therefore can possibly affect microtubule organization in the dendrites. In neuronal culture
models of AD, manipulation of tau expressions or mutations show that microtubules can be
depolymerized [23,24], or be forming a star-shaped aster array after reversing polarity [25].
Such modifications to the microtubule arrays as formation of a star-shaped structure should
drastically alter morphology and be directly observable by our imaging technique because SHG
emission is a good qualitative indicator of the polarity and number density of microtubules in
single neurites [7,8].

We initially tested whether it is possible to observe SHG emissions from microtubules near
senile plaques stained with Thioflavin-S or BTA-1. We found that even a small amount of
plaque-specific dye would emit too much fluorescence, and therefore obscures intrinsic
emissions. Therefore, in all of the following imaging experiments, we chose to use unstained
brain slices. In unstained acute slices, we were able to image simultaneously intrinsic emissions
from polarized microtubules in apical dendrites in area CA1 and senile plaques (Fig. 4). We
measured the length and number density of polarized microtubules in this region, using a
previously described procedure [8]. We found that the length of polarized microtubule arrays
is 77±13μm (n=6 transgenic AD models) versus 89±9μm (n=4 wild-types) and the number
density is 0.053±0.010 m−2 versus 0.062±0.011μm−2. These differences are not statistically
significant, although our sample size is small. Interestingly, the three mice that showed the
shortest microtubule arrays were the mice with the triple APPSwe2756/PS1/Tau mutations.
However, those same mice were also older than most of the mice examined and there were
only data from one wild-type littermate of similar age.

When focusing on a single senile plaque, we can resolve the polarized microtubule arrays
within individual apical dendrites of CA1 pyramidal neurons (Fig. 5). There have previously
been studies [26–29] on the morphology of axons and dendrites near a senile plaque. Reported
abnormal features in neurite morphology include loss of dendritic spines [26–28], shaft atrophy
[28], varicosity and sprouting [27,28]. Axons and dendrites seem to be affected differently
such that axons frequently have varicosities, which are not seen as often in dendrites [28].
Moreover, there have been conflicting observations as to whether the length and diameter of
dendrite shafts are affected [27,29]. One common theme is that the amount of abnormal features
tends to increase dramatically within a ~15μm-diameter region around the senile plaque [26,
27].

Our observations found that SHG emissions from polarized microtubule arrays in apical
dendrites are mostly unaffected by the presence of a senile plaque. We did not find polarized
microtubules that traverse through the central core of the plaque, but most apical dendrites
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were unaffected at the periphery of the autofluorescence. In contrast, unhealthy dendrites, with
a zigzag trajectory, could be found near the tissue surface due to damage during sample
preparation (z=−20μm in Fig. 5). We attempted to look at SHG emissions from axonal
microtubules, which have been observed before in the mossy fiber [7,8], but in all of our
experiments, we failed to find a senile plaque in that region. Moreover, we found no significant
difference in the intensity of dendritic SHG emissions near or far from the senile plaques. Taken
all together, our observations suggest that the polarity and the morphology of dendritic
microtubule arrays do not seem to be affected adversely in these transgenic AD mouse models.
However, apical dendrites are relatively thick (~3μm in diameter), so they may be more tolerant
to the kind of damages that were seen in previous studies.

4. Discussion
We have shown that autofluorescence and SHG emissions can be excited and imaged by
multiphoton microscopy in acute brain slices of transgenic AD mouse models. More
specifically, we confirmed that senile plaques exhibit autofluorescence with a distinct emission
spectrum and also weakly generate SHG. This autofluorescence was seen in all four of the
transgenic mouse models examined; therefore suggesting this type of intrinsic emission is a
general property. This ability to identify senile plaques by their autofluorescence enables an
array of possible functional studies using other intrinsic emissions, which we demonstrated by
imaging SHG from dendritic microtubule arrays near senile plaques.

Previous studies that use multiphoton microscopy in AD mouse models focus on imaging dye-
stained senile plaques. In a pioneering study [30], Christie et al. developed a thinned skull
preparation in mouse that allows for imaging of senile plaques over several months. This
success was followed by other in vivo time-lapse studies, which use other complementary
techniques such as neurite tracing [26,27], calcium imaging [31], astrocyte stains [32], or direct
application of drugs and antibodies [33] to obtain additional insights on the disease. Here, we
showed that weaker intrinsic emissions can also be imaged effectively in AD mouse tissues.
This opens the door for new approaches for functional imaging of other intrinsic emissions,
such as NAD(P)H metabolic imaging, to be used to study the pathological mechanisms of AD.

Although not demonstrated here, it may be possible to use autofluorescence as a diagnostic
tool for in vivo studies in transgenic mouse models. Our study shows that autofluorescence
from senile plaques is weak but clearly detectable and has a characteristic multiphoton-excited
emission spectrum. One possible diagnostic method deep within the brain is to use gradient-
index (GRIN) lenses [34,35] or optical fiber bundles [36] to excite and collect autofluorescence
from a small volume within the brain. Imaging may not be required, since spectral information
will be the key for distinguishing AD versus normal tissues.

In our imaging-only results, senile plaques and lipofuscin have broad emission spectra so we
distinguish them by morphology. In terms of size, senile plaques have diameters ~10 times
larger than lipofuscin. This size difference can be clearly resolved in multiphoton microscopy
images, which have submicron spatial resolution within scattering tissues. In some cases,
lipofuscin can “clump” together to form larger structures. However, in those cases, multiphoton
microscopy images can still clearly resolve individual, smaller-diameter lipofuscins (see Fig.
4(a) in [4]). On the other hand, it is unlikely to find small, nascent plaques. Plaques grow
quickly in vivo within 1–3 days to their full size [30,37]. Therefore, finding nascent plaques is
a rare occurrence even in animal models with significant plaque load [37]. Although
morphology may be a good correlate, identification of senile plaques versus other
autofluorescent materials would be more accurate if spectral information were obtained.
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We have characterized the emission spectrum of senile plaque autofluorescence. Previous
studies [9–11] have used excitation and detection at a variety of wavelengths, so knowledge
of the emission spectrum will be useful for more sensitive detection. As a quick test to find the
molecular origin of this autofluorescence, we tested solutions of A-beta fibrils, in which fibrils
were verified with transmission electron microscopy, and saw no one-photon-excited
fluorescence in a standard fluorimeter. This initial observation suggests that senile plaque
autofluorescence is unlikely to originate from A-beta, which is the principal component of
senile plaques [38]. Many other materials are known to exist within senile plaque [38] and can
contribute to the intrinsic emission.

Autofluorescence from NFTs has been described before in post-mortem human tissues [4], but
was not observed in the APPSwe/PS1/Tau models in this study. A previous report [16] has
shown that these mice are capable of generating Thioflavin-S-positive tau-related lesions. The
absence of autofluorescence from NFTs in our work could be due to two reasons: One, the
previous report [16] observed Thioflavin-S-positive lesions in 12-month old homozygous
mice, which may be at a more advanced stage of AD than our ~20-month old heterozygous
mice. This argument is supported by the observation that Thioflavin-S did not stain any
structures that resemble tau-related lesions in our acute slices. Two, it is possible that the only
types of human tau pathology that exhibit autofluorescence have no analogs in the APPSwe/
PS1/Tau transgenic mouse model. To distinguish between these possibilities, more research
would be required on characterizing autofluorescence and immunoreactivity from various
kinds of tau-related lesions in human and transgenic mouse model tissues.

Intrinsic emissions such as autofluorescence and SHG are useful indicators for detecting the
presence of pathological lesions. Changes in the intensity and spectrum of intrinsic emissions
have previously been studied as possible diagnosis methods for tumors [39] or skin pathology
[40], and can potentially also be useful for neurodegenerative diseases. Here we have
demonstrated that intrinsic emissions, particularly that of senile plaques, can be detected from
relatively thick, native tissues. Furthermore, the senile plaque emission spectrum is distinct
from the background to possibly further enhance detection sensitivity. We anticipate that this
work will be useful for interpreting future studies that aim to use endogenous optical signals
as a diagnostic tool or as functional fluorescent indicators.
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Fig. 1.
Autofluorescence and second harmonic emissions from acute hippocampal brain slice of
transgenic Alzheimer’s disease mouse models. (a) Autofluorescence, (b) second harmonic
emissions, (c) and their overlay of the hippocampus of a 17-month old APPSwe/TauJNPL3
mouse. Senile plaques emit autofluorescence (white arrows) that were morphologically distinct
from other sources of intrinsic emissions and were missing from wild-type animals, as shown
in (d). Each panel is a mosaic of z-projections of a 50μm thick image stack acquired in 10μm
steps. Multiphoton excitation wavelength = 774nm, circular polarization.
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Fig. 2.
Senile plaques emit autofluorescence and second harmonic signal. (a) Autofluorescence and
(b) second harmonic emissions detected in the entorhinal cortex in acute slices of a 22-month
old APPSwe/TauJNPL3 mouse. (c) Overlay of (a) and (b) shows the same large, round
structures (appears as yellow in the overlay) emit both the autofluorescence and second
harmonic signals, which were then identified to be senile plaques when (d) this brain slice was
subsequently fixed and stained with the plaque-specific dye Thioflavin-S. The small, bright
specks were lipofuscins, which did not generate second harmonic emission. (e-h)
Autofluorescence and second harmonic signal, of unknown molecular origin, were also
detected near a blood vessel that was affected by cerebral amyloid angiopathy. Signal could
be emitted from a source similar to that in senile plaque or from collagen. Each panel is a z-
projection of a 40–60μm thick image stack acquired in 3 or 4μm steps. Multiphoton excitation
wavelength = 774nm, circular polarization.
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Fig. 3.
Typical emission spectra of senile plaque autofluorescence. (a) The emission spectra of a senile
plaque (red trace) and of an adjacent plaque-free region (blue trace) were measured 50μm
beneath the surface of an acute slice from an 18-month-old APPSwe mouse. A typical emission
spectrum of the senile plaque autofluorescence, excited at 830nm, peaked at ~520nm and
showed detectable SHG emissions at 415nm. After acquiring the spectra, this brain slice was
fixed and stained with Thioflavin-S. Emission spectrum of one Thioflavin-S-stained senile
plaque, obtained at ~10 times less power and 10 times less acquisition time as the
autofluorescence, is shown (black trace, normalized) for comparison. (b) The region in the
neocortex of the acute slice where the spectra (red and blue boxes) were taken for (a). (c) The
emission spectra for four different conditions recorded from the same mouse: i) emission
spectrum at senile plaque, excited at 774nm; ii) emission spectrum at a different senile plaque,
excited at 774nm, but with quick acquisition to reduce photodamage; iii) emission spectrum
at another senile plaque, excited at 830nm; iv) emission spectrum at a plaque-less location,
dominated by autofluorescence, presumably from lipofuscin because of the high emission
wavelength. Second harmonic peak in iv) is exaggerated because emission intensity was re-
scaled. The actual recorded second harmonic peak was weak, see panel (a), and it may be
extraneous signal generated when the spectrometer gratings diffract the intense excitation
beam. Arrows indicate the locations of the peak emission wavelengths for the autofluorescence.
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Fig. 4.
Length and number density of polarized microtubule arrays in area CA1 in Alzheimer’s disease
mouse models. (a) Typical autofluorescence (red) and second harmonic emissions (green) in
area CA1 from an acute slice of a 21-month-old APPSwe/PS1 mouse. This image is a z-
projection of an 18μm thick image stack acquired in 3μm steps. Multiphoton excitation
wavelength = 774nm, linear polarization. (b) The length and number density of polarized
microtubules in area CA1 of Alzheimer’s disease mouse models (solid dots) and of wild-type
mice studied that were over 1 year old (hollow dots). The dotted lines show the trend based on
data from a larger set of wild-type mice from our previous study [8].
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Fig. 5.
Polarized microtubules in apical dendrites near a senile plaque. A series of images shows
second harmonic emissions from polarized microtubules of apical dendrites (green) near an
autofluorescent senile plaque (red). The z value denotes the distance to the slice surface. The
senile plaque was located in the area CA1 in the hippocampus in an acute slice from a 17-
month old APPSwe/TauJNPL3 mouse. Multiphoton excitation wavelength = 774nm, circular
polarization.
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