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Abstract
Background—In mice, transverse aortic constriction (TAC) is variably characterized as a model
of pressure overload induced hypertrophy (LVH) or heart failure (HF). While commonly used,
variability in the TAC model is poorly defined. The objectives of this study were to characterize
the variability in the TAC model and to define a simple, non-invasive method of prospectively
identifying mice with HF versus compensated LVH after TAC.

Methods—Eight week old, male C57BL/6J mice underwent TAC or SHAM and then echo at
three weeks post-TAC. A group of SHAM and TAC mice were sacrificed after the three week
echocardiogram, while the remainder underwent repeat echo and sacrifice at nine weeks post-
TAC. The presence of TAC was assessed with 2 dimensional echo, anatomic aortic m-mode and
color flow and pulsed-wave Doppler examination of the transverse aorta (TA) and by LV systolic
pressure (LVP). Trans-TAC pressure gradient was assessed invasively in a subset. HF was defined
as lung/body weight > upper limit in SHAM operated mice.

Results—As compared to SHAM, TAC mice had higher TA velocity, LVP and LV weight and
lower ejection fraction (EF) at three or nine weeks post-TAC. Only a subset of TAC mice (28%)
developed HF. As compared to compensated LVH, HF mice were characterized by similar TA
velocity and higher percent TA stenosis, but lower LVP, higher LV weight, larger LV cavity,
lower EF and stress-corrected midwall fiber shortening and more fibrosis. Both EF and LV mass
measured by echo at three weeks post-TAC were predictive of the presence of HF at three or nine
weeks post-TAC.

Conclusions—In wild type mice, TAC produces a variable cardiac phenotype. Marked
abnormalities in LV mass and EF at echo three weeks post-TAC identify mice with HF at autopsy.
These data are relevant to appropriate design and interpretation of murine studies.
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Background
Animal models of hypertensive heart disease and heart failure (HF) are vital for
advancement of our understanding of the pathophysiology of these diseases and
development of novel therapies (1). The murine transverse aortic constriction (TAC) model
developed by Rockman et al (2) is widely used to characterize the impact of genetic or
pharmacologic interventions on cardiac remodeling in mice.

Studies have utilized variable techniques for TAC and characterized changes with TAC at
variable time points with variable methods and in different strains and genetic models. The
cardiac phenotype of this model has been described as compensated hypertrophy (LVH) in
some studies (2-5), and as HF in others (6-10). This may be a critical distinction as the
presence of HF may be associated with differential activation of signaling pathways (11,12)
and differential response to pharmacologic interventions (13-15). Further, variability in a
model will affect the sample size required to detect the influence of genetic or
pharmacologic interventions on LV structure or function and is particularly important when
small subsets are selected for assessment of different hemodynamic, biochemical or genetic
parameters.

Although some studies reported on variability of the TAC model explained by mouse strain
or parent of origin (16,17), sex (17,18), size of needle used to standardize constriction
(15,19) or time course (20,21), only a few studies reported variability independent of these
aforementioned factors (13,20-23). In general, these studies were small and did not identify
a method to prospectively identify the variable phenotype.

Accordingly, the aims of this study were to characterize variation in TAC (independent of
mouse age, sex, strain, needle size or time course) and to develop a feasible non-invasive
means to prospectively confirm the severity of TAC and to determine the presence of HF
versus compensated LVH in response to TAC. Based on our preliminary observations with
the model, we hypothesized that despite a standardized surgical procedure, murine TAC
produces two phenotypes: compensated LVH and HF. Further, we endeavored to determine
if differences in the resulting phenotype were due to variation in the degree of TA stenosis
produced by the standardized TAC procedure. Finally, we sought to establish a simple non-
invasive method to predict the ultimate phenotype such that mice destined to develop
compensated LVH or HF could be randomized to experimental interventions in a balanced
manner.

Methods
All experimental procedures were designed in accordance with the National Institute of
Health guidelines and approved by Mayo Foundation Institutional Animal Care and Use
Committee.

Study design
Eight week old male wild type mice of C57/BL6 background (Jackson laboratory, Bar
Harbor, ME) were subjected to minimally invasive TAC or SHAM procedure, and then
studied by echo at three weeks (3 wk TAC). A subgroup of SHAM (n=28) and TAC (n= 46)
mice underwent hemodynamic assessment immediately after echo and was sacrificed for
tissue harvest (3 wk TAC). Remaining mice (n=10 SHAM and 43 TAC) underwent repeat
echo, hemodynamic study and sacrifice 6 weeks later (9 wk TAC). Weight of mice was
recorded at TAC, at three weeks and nine weeks post-TAC (in the 9 wk TAC group).
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Definition of heart failure (HF)
HF was defined as lung/body weight > maximum value found in SHAM operated mice with
remaining mice characterized as compensated LVH (21,22).

Minimally invasive transverse aortic banding (TAC)
As previously described by Hu et al (24), mice were anesthetized with ketamine (90-120
mg/kg) and xylazine (10 mg/kg) administered intraperitoneally or tribromoethanol (125-250
mg/kg intraperitoneally). A single experienced operator performed all procedures. Through
a suprasternal skin incision and a mini proximal sternotomy, the thymus was retracted and
the strap muscles were bluntly dissected to expose the aortic arch. A snared wire was passed
underneath the aorta between the origins of the brachiocephalic and left common carotid
arteries. A 6-0 silk suture was snared with the wire and pulled back around the aorta. A bent
27-gauge needle was then placed on the aortic arch; a suture was snugly tied around the
needle and the aorta, followed by prompt removal of the needle. After banding, the strap
muscles were approximated by a “figure of 8” suture and the skin was closed by an
adhesive. Control mice were subjected to an identical procedure without placement of a
ligature (SHAM).

Echocardiography
Mice underwent 2-dimensional guided M-mode echo of LV (GE Healthcare, Milwaukee,
WI) with a 13 MHz linear probe under light isoflurane anesthesia (0.5-1.0%) administered
via nose cone. Digital images were analyzed off-line by EchoPAC software allowing
anatomic M-mode measurements. The transverse aorta was also visualized with 2-
dimensional and color flow imaging. The distal transverse aortic flow velocity (distal to
constriction in TAC mice) was measured by pulsed wave (PW) Doppler to assess the
presence of TAC with the pressure gradient estimated using the modified Bernoulli equation
(Pressure gradient = 4*Velocity2). Anatomic m-mode echocardiography was used to
measure percent stenosis in a subset of mice with satisfactory echo images of the aortic arch
(n=51). Percent stenosis was measured as the difference between the normal luminal area
and the stenosed area divided by the normal luminal area. Illustrative two dimensional, color
flow and PW Doppler and anatomic m mode images of the aortic arch in a SHAM and a
TAC mouse are shown in Figure 1.

The LV mass and ejection fraction (EF) were calculated using the cube formula. Mid-wall
fiber shortening (mFS) was calculated by the ellipsoidal two shell method.

Hemodynamics
Immediately following echo, isoflurane anesthetized mice were intubated and mechanically
ventilated (Hugo Sachs Elektronik, Hugstetten, Germany). A manometer tipped catheter
(Millar instruments, Houston, TX) was inserted into the LV via the right carotid artery. The
LV pressure and echo measurements were used to calculate end-systolic wall stress (cESS).
In a subset of animals (n=24), immediately after echo, separate manometer tipped catheters
were advanced to the aorta via the right and left carotid arteries and the instantaneous (peak
to peak) trans-TAC aortic pressure gradient was measured. Data analysis was performed by
PVAN software (AD Instruments, Inc, Colorado Springs, CO).

Tissue harvest
Following catheterization, organs were rapidly harvested and weighed. A mid LV section
preserved in 10% formalin and embedded in paraffin and cross sectioned into 5μm sections.
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Histology and histomorphometry
LV sections were stained with picrosirius red. Interstitial fibrosis was assessed
independently by a blinded experienced observer by a semi-quantitative visual analogue
fibrosis scale for each quadrant of the LV, with 4 grades: 0-3 (0= No fibrosis, 1= Mild,
2=Moderate and 3=Severe fibrosis) yielding a total score between 0 and 12. Standard
examples from previous studies showing each grade of fibrosis were used to enhance
consistency of scoring. Given the variable peri-vascular fibrosis (within an LV section) and
the variable number of vessels on any given section, analysis was focused on interstitial
fibrosis remote from vessels.

Gene expression (Quantitative RT Real-Time PCR)
Total RNA was extracted from snap frozen LV tissue. RNA was reverse transcribed to
cDNA by an iScript cDNA synthesis kit (Bio-Rad laboratories, Hercules, CA). cDNA was
amplified and levels of gene expression were quantified by real-time quantitative PCR
(TaqMan® Gene Expression Assays and Universal Probelibrary Gene Assays). Primers for
ANP, and osteopontin mRNAs were used (Applied Biosystems, Foster City, CA).

Survival
Early (24 hours) and three week survival after TAC or SHAM was assessed. Survival
analysis was restricted to a group of mice that were subjected to TAC during a calendar
year.

Statistical Analysis
All data points as well as mean ± standard deviation are reported. Comparisons across all
groups were performed by one way analysis of variance (ANOVA) followed by Bonferroni
correction for multiple comparisons. Changes from three to nine weeks were assessed by
paired t test. Pearson correlation was used to assess bivariate associations between
continuous variables. Least squares linear regression using group as a dummy variable was
used to assess differences in the relationship between variables across groups. Nominal
logistic regression was used for development of the predictive model of HF. Receiver
operating characteristics were used to define predictive characteristics (area under the curve,
AUC) and the optimal (highest sensitivity and specificity) partition value for each predictor
to distinguish mice with HF from those without HF. All analyses were 2-tailed and a p value
less than 0.05 was considered statistically significant.

Results
Noninvasive in-vivo assessment of the persistence and severity of TAC

The velocity of flow in distal transverse aorta was normally distributed and < 1.0 m/sec in
SHAM mice (Figure 2 A) but was not normally distributed in TAC mice (Figure 2 B). Both
LV systolic pressure (Figure 2 C) and LV mass (Figure 2 D) correlated with Doppler
estimated pressure gradient from the pre-cath echo performed prior to sacrifice at three or
nine weeks. The invasively measured gradient correlated with Doppler estimated gradient
(n=24, r=0.62, p<0.001) and with the severity of LVH (Figure 2 E). The percent stenosis
measured with anatomic m-mode also correlated with the Doppler estimated gradient (n=58,
r=0.30, p<0.0001) and correlated with the severity of LVH (Figure 2, F).

Cardiac structure and function at three and nine weeks post-TAC
As compared to SHAM mice, TAC mice displayed higher TA flow velocity, LV systolic
pressure, chamber dimension and wall stress (Figure 3). LVH assessed by echo and at
autopsy was variable but higher in TAC than SHAM mice at both three and nine weeks. EF
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was variable, but on average was lower at both three weeks and nine weeks post-TAC.
Likewise, mFS was reduced at three and nine weeks but was proportional to wall stress.

Failing versus compensated phenotype with TAC
Lung/body weights were variable but on average slightly higher than SHAM at both three
and nine weeks post TAC. However, a subset of TAC mice had elevated lung weights
consistent with HF, while the remaining mice had normal lung weights suggesting a
compensated LVH phenotype (Figure 4). There was no difference in body weight between
HF, SHAM or compensated LVH mice. Hence, we compared the characteristics of mice
with compensated LVH (no pulmonary congestion) and HF (pulmonary congestion).

As compared to SHAM, the TA flow velocity was similarly elevated in compensated LVH
and HF (Figure 5). The percent stenosis was higher in HF than compensated LVH mice
although there was overlap between the two groups. LV systolic pressure was higher than
SHAM in both groups but was lower in HF as compared to compensated LVH. Wall stress
was higher than SHAM in both groups, but was higher in HF than compensated LVH
(despite lower LV pressure) due to higher LV internal diameter in HF mice. LV/body weight
at autopsy was higher than SHAM in both groups, but was higher in HF than compensated
LVH. Indeed, the average LV/body weight was 123±54 % higher than SHAM in the HF
group versus 38±7 % higher than SHAM in compensated LVH (p<0.0001). ANP mRNA
expression was elevated in compensated LVH and was further increased in HF. Expectedly,
the degree of ANP gene expression strongly correlated with the magnitude of hypertrophy
(Supplemental figure 1). EF was reduced in the HF group. Both groups showed reduction in
mFS and while mFS was related to wall stress in SHAM, compensated LVH and HF, this
relationship was shifted downward in the HF group indicating impaired contractility.
Representative LV echocardiograms from SHAM, compensated LVH and HF mice are
shown in Figure 6.

The relationship between LVH (LV/body weight) and the Doppler estimated trans TAC
pressure gradient (Figure 7) was shifted upward in HF mice with greater LVH for any given
trans-TAC pressure gradient. A leverage point outlier resulted in non-significant slope for
HF group (R2=0.0.4; p =0.33, dotted red line). Excluding the outlier, the R2 increased to
0.26 (p = 0.01, solid red line). This outlier did not affect the difference between HF and no
HF groups, as the intercepts were significantly different with or without the outlier.

While both compensated LVH and HF mice had increased interstitial LV fibrosis as
compared to SHAM, fibrosis was more severe in HF versus compensated LVH mice (Figure
8). Osteopontin gene expression was unchanged in compensated hypertrophy; however it
was elevated 3 folds in the presence of HF and robustly correlated with the magnitude of
LVH. (Supplemental figure 1).

Echocardiographic predictors of HF at three or nine weeks
Both LV mass and EF at echo conducted three weeks post-TAC accurately predicted the
presence of HF at autopsy at three or nine weeks post-TAC with AUC of 0.87 and 0.84
respectively while Doppler estimated trans-TAC pressure gradient did not (Figure 9). When
added to the model percent stenosis did not add further predictive information.

Interestingly, mice designated as having HF at the three week post-TAC echo displayed
more severe progressive remodeling (ΔEF from three to nine weeks = -5.5±9.8%, p=0.01 by
paired t-test) than did mice with compensated LVH (ΔEF from three to nine weeks =
-1±0.1%, p=0.13 by paired t-test).
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Survival
Early mortality (defined as death within 24 hours of TAC) was 45% (Figure 10). The
majority of early mortality occurred at the time the ligature was tied or more commonly,
after the animal had recovered from anesthesia and began to move about. A minority (< 5%)
were due to operative complications (bleeding or pneumothorax). Total three week mortality
was 68%.

Discussion
In this study, we defined the variability in response to TAC in male C57BL/6J mice using a
27 gauge standardizing needle for the TAC procedure. Whether studied at three or nine
weeks post procedure, the presence of persistent TAC was clear with little overlap in distal
TA velocity between SHAM and TAC mice. However, we found that mice subjected to
TAC exhibit variable severity of perturbation in hemodynamic parameters, chamber
geometry, systolic function indices and hypertrophic and fibrotic remodeling. Importantly,
we describe two distinct phenotypes with TAC, compensated LVH and overt HF. While
compensated LVH mice have significant LVH, the HF phenotype was constrained to mice
with profound LVH and was associated with impaired contractility. Additionally, we
demonstrate that reduced EF or marked increase in LV mass by echo at three weeks post-
TAC can prospectively identify which mice will have a HF phenotype at autopsy, even
when mice are sacrificed six weeks later. TAC is an extremely powerful experimental
model. Understanding the variability involved in the model, independent of sex, strain,
needle size or time course, is crucial to appropriate study design and interpretation
particularly when effects of pharmacologic agents or conditional expression of genetic
interventions are studied.

Variability in the murine TAC model
Review of published studies reveals variability in reported mortality, severity of LVH and
presence of a failing or compensated phenotype. In male C57BL/6J mice subjected to TAC
with a 27 gauge sizing needle, mortality rates <25% (16,19,25-27), 25-50% (18,20,28-30),
50-75% (31,32), or greater than 75% (8,33) have been reported although many studies do
not report mortality. Similarly, in male C57/BL6 mice subjected to TAC with a 27 gauge
sizing needle, reported increments in LV mass over SHAM vary from 28% to 130% at 3
weeks (15,24), and from 58% to 190% at 7-9 weeks (34,35). Studies using male C57BL/6J
mice subjected to TAC with a 27 gauge sizing needle have also varied in characterizing
TAC as a model of HF (6-8,10) vs compensated LVH (2-5). These differences are consistent
with the variability we observed studying a large number of consecutive mice subjected to
TAC with a 27 gauge sizing needle.

While strain (16), sex (17,18) and standardizing needle size (15,19,31) are well known to
affect severity of remodeling with TAC, a few studies have investigated other sources of
variation in the TAC model. While variable off-loading of the pressure via the right upper
extremity and cranial vascular beds may contribute to variability, even ascending aortic
constriction was found to produce heterogeneous responses (13). Lygate et al elegantly
demonstrated band migration or internalization by serial MRI scans and proposed this as a
rationalization for variable TAC remodeling (23). We too observed this on occasion but this
was uncommon and did not explain the majority of the variation. Additionally, variable
increases in stenosis with growth after TAC could contribute (20) although we found
homogenous and relatively minor increases in body weight over the three to nine week
period of observation. A recent study suggests that within an inbred strain, inherited
individual variation still exists such that the parent of origin (17) may affect the response to
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cardiac stress. We did not control for parent of origin and this may have contributed to the
variation we observed.

Clearly, the severity of the stenosis will have the major effect on severity of remodeling and
this may vary significantly despite the use of a standardized sizing needle owing to variation
in aorta size, growth and tightness of the ligature. These factors are difficult to further
standardize. Thus, studies have attempted to quantify the severity of stenosis such that the
degree of remodeling can be adjusted for stenosis severity and compared between groups.
Measurement of the trans-TAC gradient via catheterization of both carotid arteries,
measurement of flow velocity in the right and left carotid arteries (36) or measurement of
the trans-TAC Doppler velocity as used here can provide estimates of trans-stenosis pressure
gradient. Each of these methods has unique strengths and limitations in terms of accuracy,
feasibility and reproducibility but the non-invasive nature of Doppler estimates and ability to
assess TAC severity prior to therapeutic or mechanistic interventions without compromising
future vascular access is strength of this method. However, as well established in human
correlates of the TAC model such as aortic stenosis, area stenosis rather than trans-stenotic
pressure gradient is the preferable measure of stenosis severity as trans-stenotic pressure
gradients are affected by flow and decrease in the presence of systolic dysfunction. Pressure
gradients also can be variably affected by anesthetics due to effects on inotropy, vascular
tone and heart rate (37). MRI provides highly reproducible anatomic information and
additionally, can detect band migration. We found that anatomic m-mode imaging of the TA
was feasible and identified more severe stenosis in mice with HF. However, percent stenosis
was inferior to EF and severity of LVH in prospectively predicting the ultimate phenotype.
Measurement of constriction area postmortem by perfusion fixation referenced to adjacent
luminal area can be considered a gold standard, but is technically demanding and not
available prospectively (24).

An additional source of variation is the variable hemodynamic perturbation, myocardial
hypo-perfusion and myocardial damage at the time of the TAC procedure. We did not assess
this factor and future studies, potentially using biomarkers of myocardial damage in the
early post-TAC period may elucidate the role of acute myocardial damage in contributing to
subsequent eccentric remodeling and HF despite similar chronic pressure overload.

Prospective characterization of TAC mice
The impact of genetic manipulation of fundamental signaling pathways or sarcomeric
proteins is often so profound that dramatic differences in TAC-induced changes in structure
and function can be confidently detected in relatively small numbers of mice - even with
inherent variability resulting from TAC. However, TAC mice are increasingly being used to
explore genetic interventions with more subtle effects. Most importantly, when TAC is used
to test pharmacologic interventions or conditionally expressed genetic modifications after
TAC, it is imperative that treated and untreated mice start from a similar baseline and that
adequate numbers of mice are used as important effects may be missed or effects may
appear more dramatic than truly present. Further, response to interventions may vary
depending on the presence or absence of HF. Thus, we used Doppler-echo derived
parameters, to both confirm and assess TAC severity as well as identify mice with or
destined to develop HF after three weeks of TAC. These criteria were highly predictive of
HF as defined by the presence of pulmonary congestion. This simple tool enables optimal
design of therapeutic trials by randomizing mice to therapy or placebo within each
phenotype (compensated versus HF) as we and others have done (13-15,25).
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Limitations
We did not measure pre-TAC cardiac structure or function and assume a small variance of
these parameters at baseline. Doppler echo is angle dependent and measured velocities may
not reflect maximal instantaneous gradient. The probe used to allow high resolution 2 D
images did not allow continuous wave Doppler and even the small non-imaging continuous
wave probe was not highly feasible in the mouse for imaging at this site. In some mice, the
velocity exceeded the Nyquist limit of the probe at the limits of the sample volume depth or
size used and in these mice, the velocity could only be characterized up to 3.5 to 4.0 m/sec.
However, Doppler estimated gradients did correlate with invasively measured gradients and
severity of LVH. We did not correct for angle in Doppler measurements. However, this is a
systematic error that may not affect the comparisons made within this experiment. We
measured aortic dimensions on images collected during imaging to position PW Doppler
imaging. We speculate that images obtained and optimized specifically for m-mode
measurements of stenosis severity would enhance feasibility and accuracy. While we
speculate that the HF phenotype is associated with neurohumoral activation, we did not
measure circulating or tissue levels of neurohumoral markers. However, we saw evidence of
myocardial inflammation (osteopontin). While Perrino et al (36) have elegantly
demonstrated that even intermittent TAC produces activation of several pro-hypertrophic
signaling cascades, differences in remodeling, systolic function and therapeutic response in
compensated LVH and HF in murine models and human disease support the importance of
characterization of the presence of HF in many murine studies (11-15,19,38). We have only
characterized male mice of a single (but widely used) strain.

Conclusions
Murine TAC is an extremely valuable but variable animal model. Variability of response to
TAC can be identified by Doppler-echo variables prospectively. These data are relevant to
appropriate design of murine studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative two dimensional, anatomic m-mode and color flow and pulsed wave
Doppler images of the aortic arch in a SHAM and a TAC mice
Dotted lines indicate line of interrogation for anatomic m-mode before (A) and at (B) site of
SHAM or actual TAC.
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Figure 2. TAC severity
The distribution of transverse aortic flow velocity in SHAM (A) and TAC (B) mice, the
correlation between Doppler derived pressure gradient and LVSP (C) and the correlations
between LV/body weight measured at autopsy and Doppler estimated pressure gradient (D),
invasively measured gradient (E) and anatomic m-mode estimated percent stenosis (F).
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Figure 3. LV load, geometry, mass and systolic function in SHAM and 3 and 9 week TAC mice
Transverse aortic flow velocity (A), LV systolic pressure (B), end systolic wall stress (C),
LV diastolic diameter (D), echo derived left ventricular mass (E), left ventricular mass at
autopsy (F), ejection fraction (G), midwall fiber shortening (H) and stress corrected midwall
fiber shortening (I) in SHAM and TAC groups studied at three or nine weeks. * p < 0.05
versus SHAM, † p < 0.05 versus 3 week TAC.
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Figure 4. Development of heart failure (HF) in a subgroup of mice
Lung weight and body weight in SHAM, Compensated LVH and HF groups at three or nine
weeks (A). Lung weight to body weight ratio in SHAM, Compensated LVH and HF groups
at three and nine weeks post TAC (B). * p < 0.05 versus SHAM. † p < 0.05 versus
compensated LVH.
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Figure 5. LV load, geometry, mass and systolic function in SHAM, compensated LVH and heart
failure (HF) mice
Transverse aortic flow velocity (A), anatomic m-mode estimated percent stenosis (B), LV
systolic pressure (C), end systolic wall stress (D), LV diastolic diameter (E), left ventricular
mass at autopsy (F), ejection fraction (G), midwall fiber shortening (H) and stress corrected
midwall fiber shortening (I) in SHAM, compensated LVH and HF mice. * p < 0.05 versus
SHAM, † p < 0.05 versus compensated LVH.
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Figure 6. Representative m mode echocardiograms of SHAM, compensated LVH and heart
failure (HF) mice
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Figure 7. LV hypertrophy as a function of Doppler derived pressure gradient in heart failure
(HF) and non-HF mice
At any given pressure gradient, mice with HF had a higher LV/body weight as compared
with non-failing mice.
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Figure 8. LV interstitial fibrosis in TAC mice
Top, fibrosis score group data in SHAM, Compensated LVH and heart failure (HF) mice.
Bottom: Representative examples of peri-vascular and interstitial fibrosis in each of the
three groups.
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Figure 9. Receiver operating characteristic curves of echocardiographic predictors of HF at
autopsy
The area under curve, with the optimal cutoff value, sensitivity and specificity is shown for
each variable obtained at the three week echo.
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Figure 10. Kaplan-Meier survival curve in TAC mice
21 day survival including operative mortality. Number at risk = 390 (died = 244; survived =
140).

Mohammed et al. Page 20

Cardiovasc Pathol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


