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ABSTRACT 
Phenylethanolamine N-methyltransferase (Pnmt) catalyzes the N-methylation of 
norepinephrine to produce epinephrine, a potent stress hormone and 
neurotransmitter.  Most of our knowledge about Pnmt is derived from its role in 
systemic production of epinephrine from adrenal chromaffin cells, but it is also 
known to be expressed in the central nervous system, including brainstem, retina, 
hypothalamus, and cerebellum.  Of these regions, the cerebellum has been the 
least well-characterized with respect to Pnmt expression.  Given the importance 
of the cerebellum for motor control and coordination, we sought to investigate 
cellular Pnmt expression in the cerebellum using a genetic-marking strategy with 

a Pnmt-Cre-recombinase knock-in driver strain (Pnmt+/Cre) and a β-galactosidase 

(βGal) reporter strain (R26R+/βGal) in parallel with Pnmt-specific immunofluorescent 

histochemical staining to identify Pnmt+ cells in sections of adult mouse cerebellum.  
Our results show active Pnmt protein expression in Purkinje neuron soma throughout 

the cerebellum, as demonstrated by positive Pnmt immunofluorescence and βGal 

expression.  In contrast, the granular layer (GL) and Deep Cerebellar Nuclei 

(DCN) showed apparent historical expression with strong βGal expression in the 

absence of positive Pnmt immunofluorescence.  These results suggest Pnmt+ cells 
may contribute more substantially to the cerebellum than previously appreciated 
and provide anatomical “blueprints” for investigating the role of cerebellar Pnmt 
expression in health and disease. 
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Abbreviations: 
βGal, Beta-galactosidase  

DCN, Deep Cerebellar Nucleus (of cerebellum) 
GL, Granular Layer (of cerebellum) 
IFHC, Immunofluorescent Histochemistry 
ML, Molecular Layer (of cerebellum) 
NBT, Nitrotetrazolium Blue 
PBS, Phosphate-Buffered Saline 
PC, Purkinje Cell (neuron) 
PCR, Polymerase Chain Reaction 
Pnmt, Phenylethanolamine n-methyltransferase 
PL, Purkinje Layer (of cerebellum) 
R26R, Rosa26 Reporter (LacZ reporter gene) 
XGAL, 5-bromo-4-chloro-3-indolyl-beta-D-galacto-
pyranoside 
 

Introduction 
Phenylethanolamine-N-methyltransferase (Pnmt) is the 
terminal enzyme in the catecholamine biosynthetic 
pathway that is responsible for the conversion of 
norepinephrine to epinephrine.  Pnmt is robustly 
expressed in the chromaffin cells of the adrenal medulla, 
where epinephrine is abundantly produced and secreted 
into the bloodstream in response to stress.1  Pnmt is also 
expressed in other tissues, including specific regions of the 
central nervous system (CNS), including the retina,2 
brainstem,3 hypothalamus,4 limbic system,5 and 
cerebellum.6-8  One study identified Pnmt+ 
immunohistochemical labelling of Purkinje neurons in the 
cerebellar vermis of a postnatal day 8 human brain 
slice.7   
 
Further, a recent brain atlas study comparing mouse, pig, 
and human gene expression patterns9 confirmed that 
most of these regions express Pnmt in the adult mouse 
brain and that expression was conserved to varying 
degrees with pig and human.  One exception, however, 
was noted in the cerebellum where Pnmt mRNA was not 
detected in the adult mouse or human, though was 
relatively robust in pig cerebellum.9  The lack of Pnmt 
mRNA detection in mouse and human cerebellum is at 
odds with earlier studies noted above that reported its 
expression there.6-8  Another finding noted by the authors 
of this study9 was that Pnmt expression showed 
“surprisingly strong and wide distribution” across many 
brain regions for mouse, pig, and human.9  Despite these 
studies, which mainly reflect mRNA measurements in tissue 
homogenates from specific brain regions, relatively little 
is known about the cellular neuroanatomical distribution 
of Pnmt expression at the cell/tissue levels in the central 
nervous system. 
 

To address these knowledge gaps and help resolve some 
of the conflicting reports about the anatomical 
distribution of Pnmt-derived cells in the cerebellum, we 

utilized the Pnmt+/Cre;R26+/βGal mouse genetic model10,11 

that enables cell/tissue-level identification of cells that 
expressed Pnmt during their development, regardless of 
whether or not the cells maintain active Pnmt expression.  

In this model, βGal expression marks cells that express 

the Cre-recombinase gene that was previously knocked 
into exon 1 of the endogenous mouse Pnmt gene.10,11 To 

determine if βGal expression patterns identified in the 

cerebellum from this genetic model were indicative of 
actively expressing Pnmt+ cells, we also performed 

parallel Pnmt-specific immunofluorescent histochemical 
(IFHC) staining for comparative analysis of expression.  
Since the cerebellum is critically important for motor 
control and coordination,12 gaining a better 
understanding of which cells express Pnmt within the 
cerebellum could lead to novel insights and therapeutic 
strategies to treat movement and balance disorders. 
 

Materials and Methods 
MICE 
All mouse experiments were approved by the University 
of Central Florida Institutional Animal Care and Use 
Committee and were performed in accordance with the 
approved protocol as well as the guidelines established 
by the National Institute of Health (NIH) for vertebrate 
animal research. The mice used for this study were bred 
and housed in an AAALAC-approved vivarium at the UCF 
Health Sciences Campus in Orlando, FL.  The mice resided 
in filtered cages on a 12:12 hour light/dark cycle with 
food and water provided ad libitum.   Approximately 5-
6 mice were used for each experimental assessment. 
 
Pnmt+/Cre mice have the Cre-recombinase gene inserted 
into exon 1 of the endogenous mouse Pnmt gene, which 
results in Cre-recombinase expression in vivo in cells that 
normally express Pnmt, as we have previously 
described.10,11,13  The Pnmt+/Cre line was maintained in a 
background strain of 129X1/SvJ (Jax Mice 000691).  

ROSA26 reporter (R26R) mice that produce β-

galactosidase (βgal) from the LacZ gene in the presence 

of Cre-recombinase14 were obtained through the Jackson 
Laboratory (B6;129S4-Gt(ROSA)26Sortm1Sor/J; Stock 
#003309) and maintained in a background strain of 
C57Bl/6 (Jax Stock #000664).  PnmtCre/Cre; R26+/+ males 

were crossbred with Pnmt+/+; R26βgal/ βgal females to 

produce the Pnmt+/Cre; R26+/βgal mice used in this study. 

For some experiments, we also used Pnmt+/+; R26+/ βgal 

and, separately, Pnmt+/Cre; R26R+/+ mice. 
 
TISSUE PREPARATION 
Adult mice (2-6 months of age) were fully anesthetized 
with 2.5% isoflurane and perfused transcardially with 20 
mL of 1X Phosphate Buffered Saline (PBS) followed by 
an equivalent volume of 4% paraformaldehyde in PBS. 
Adrenal and brain tissue were collected and fixed 
overnight in 4% paraformaldehyde at 4°C, followed by 
cryoprotection in 30% sucrose solution in PBS containing 
0.02% sodium azide. Sucrose-saturated tissues were then 
embedded in Tissue Tek Optimal Cutting Temperature 
compound (Electron Microscopy Sciences) and sectioned 
at 20 µm for brain sections and 10-15 µm for adrenal 
sections using a Leica CM 1850 cryostat. The sections 
were mounted onto Superfrost Plus Microscope Slides 
(Fischer Scientific) and stored at -20°C until used for 
staining. 
 
IMMUNOFLUORESCENT HISTOCHEMICAL (IFHC) 
STAINING 
IFHC was performed as we have described previously.15 
Briefly, tissue sections were circled with ImmEdge 
Hydrophobic Barrier PAP pen (Vector Laboratories), 
washed with 1X PBS for 20 minutes at room temperature, 
and subsequently incubated in blocking solution 
containing 5% w/v dry nonfat milk, 0.3% v/v Triton X-
100, 0.02% sodium azide, in PBS for 1 hour at room 
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temperature to prevent non-specific binding. The sections 
were then incubated in primary antibody solutions made 
in fresh blocking solution (1:100 dilution) overnight at 
4°C.  Tissue sections were stained for Pnmt using a 
primary affinity-purified sheep anti-Pnmt antibody from 
R&D Systems (AF7854).  Primary mouse anti-Pan-
Neuronal (EMD Millipore MAB2300) was also used in the 
cerebellum as a neuronal marker. Following removal of 
primary antibody solutions and three successive washes 
in PBS alone, the sections were then incubated in 
secondary antibody solutions that included donkey anti-
sheep IgG-AlexaFluor 488 (Jackson Immunoresearch 
713-645-147) and/or donkey anti-mouse IgG-
AlexaFluor 568 (Jackson Immunoresearch 715-575-150) 
for 1 hour at room temperature in PBS followed by 
another three successive washings (10 mins each) with PBS 
alone. The sections were then mounted using VectaShield 
with DAPI mounting media (Vector Labs, H-1500). 
 

β-GALACTOSIDASE (βGal) HISTOCHEMICAL STAINING 

Adrenal and brain tissues from Pnmt+/Cre; R26+/βgal mice 

were stained for βGal activity as we have previously 

reported for heart,13 with the following modifications.  
We used an XGAL solution containing 50 mM XGAL (5-

bromo-4-chloro-3-indoyl-β-D-galactopyranoside) 

substrate in dimethylformamide, diluted in XGAL staining 
buffer solution containing 1mM MgCl2, 50mM 
Nitrotetrazolium Blue (NBT), 1X Phosphate buffered 
saline solution, 0.01% Tween-20, and NaOH to reach an 
overall pH of 8.  NBT was used in place of potassium 
ferricyanide and potassium ferrocyanide to achieve a 
more sensitive and robust XGAL staining in thinner 
sections.16 Sodium hydroxide was used to increase the pH 
of the XGAL staining solution to reduce background 
endogenous LacZ expression.17  The tissues were 
incubated in the XGAL staining solution overnight inside a 

humidified chamber at 37℃. All sections were then 
washed with 1X PBS three times for 10 minutes each, and 
counterstained with Eosin Y solution. The slides were 
dehydrated using increasing concentrations of ethanol 
and cleared with xylene prior to mounting with 
Permount™ mounting solution (Fischer Scientific). 
 
IMAGE ACQUISITION AND ANALYSIS 
Immunofluorescently-labeled sections were imaged with 
a confocal laser-scanning microscope (LSM710; Zeiss, 
Oberkochen, Germany) using 10X (Plan-Neofluar 10x, 
NA 0.3), 20X (Plan-Neofluar 20x, NA 0.5), and 63X 
(Plan Apochromatic 63x, NA 1.4) objectives. Images 
were processed with Zen Software (Zeiss, Oberkochen, 
Germany) and quantified with ImageJ software 
(National Institutes of Health, Bethesda, MD, United 

States).  Sections stained for β-gal activity were imaged 

with a stereomicroscope (Leica MZ16A) and camera 
(Leica DFC 320) using 5X, 10X, and 40X objective lenses. 
 
RNA ANALYSIS 
Extraction and Quantification of Relative mRNA Expression 
Fresh adrenal gland and brain tissues were flash-frozen 
using liquid nitrogen and stored at -80oC. Total RNA was 
purified from flash-frozen tissues at embryonic day 15.5 
(E15.5), postnatal days 9 (P9) and 30 (P30) time points 
using 1 mL TRIzol reagent. The RNase-free DNase Kit 
(Promega) was used to remove any remaining DNA to 
ensure the purity of the RNA. The concentration and purity 

of the isolated RNA were measured using the NanoDrop 
8000 UV-Vis Spectrophotometer (Thermo Scientific). The 
High Capacity cDNA Reverse Transcription Kit 
(Invitrogen) was used to reverse transcribe the isolated 
RNA to cDNA. The cDNA was placed in 96-well plates 
and quantitative PCR (qPCR) was performed using SYBR 
Green Fast reagent in 25 µL reactions with the Applied 
Biosystems 7500 Fast Real-Time PCR System. Mouse 
Pnmt-specific primers used in qPCR were as follows: 
 

Pnmt Forward Primer (Exon 2, 98,387,373):  
5’-CCGGCCCCACCATATATCAG-3’ 
Pnmt Reverse Primer (Exon 3, 98,387,847):  
5’-GTGATGTGATGCAAAGCCCG-3’ 
The genes of interest were normalized to 
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh), 
as an internal housekeeping control gene. All primers 
were obtained from Eurofins, Inc.  The Gapdh primer 
sequences were as follows: 
Gapdh Forward Primer:   
5’- ACCACAGTCCATGCCATCAC-3’ 
Gapdh Reverse Primer:   
5’- TCCACCACCCTGTTGCTGTA-3’ 
 

Relative Pnmt gene expression was determined using the 

standard the 2-ΔΔCT method.18 Relative expression levels 

from qPCR were calculated compared to those of E15.5 
head.  Statistical analysis of qPCR expression data (n=5 
or 6 per group) was performed using two-tailed 
unpaired Student’s t-tests with P < 0.05 required to reject 
the null hypothesis. Data are presented as scatter plots 
showing means with error bars representing 95% 
confidence intervals. Statistical data analysis and graphs 
were generated using GraphPad Prism version 9.1.1) 
software. 
 

Results 
Although prior studies have shown that Pnmt mRNA is 
expressed in the rat6 and pig9  cerebellum, there is 
presently little evidence in the published literature 
showing that Pnmt mRNA is expressed in the mouse 
cerebellum.9  To address this issue, we performed real-
time quantitative PCR with Pnmt-specific primers in mouse 
brain extracts at various developmental timepoints 
including embryonic day 15.5 (E15.5), postnatal day 9 
(P9), and postnatal day 30 (P30).  The rationale for 
examining multiple timepoints stems from studies that 
suggested that Pnmt may be more robustly expressed at 
early developmental stages and subsequently declines 
with age.19-22  In our experiment, we used mouse E15.5 
heads as a standard measure for comparison of relative 
expression in the adrenal gland, brainstem, cerebellum 
and cerebral cortex, as shown in Fig. 1.  As expected, 
expression was by far the highest in the adrenal gland 
(positive control, Fig. 1A).  Brainstem is also a useful 
positive control as Pnmt expression has been extensively 
characterized in this region where it has been shown to 
be localized to the C1, C2, and C3 neurons.22-32  Both 
brainstem and cerebellum showed similar profiles of 
increasing expression between P9 and P30 (Fig. 1B&C, 
respectively), while Pnmt expression in the cerebral 
cortex was much less overall compared to brainstem and 
cerebellum and further decreased significantly between 
P9 and P30 (Fig. 1D).  These results demonstrate that 
Pnmt mRNA is differentially expressed in specific mouse 
brain regions postnatally, including the cerebellum. 
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Figure 1: Pnmt mRNA expression in mouse adrenal gland and brain regions during development as determined by quantitative 
real-time PCR. Relative expression levels are calculated compared to those of E15.5 whole mouse head.  (A) Adrenal glands, (B) 
Brainstem, (C) Cerebellum, (D) Cerebral cortex. Statistical significance is displayed with asterisks: *p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001 (ns, p > 0.05). 

 
To determine the neuroanatomical localization of Pnmt+ 
cells in the mouse cerebellum, we adopted a dual 
approach utilizing immunofluorescent histochemical 
staining with an anti-Pnmt antibody in parallel with a 
genetic-marking strategy that activates the LacZ gene in 

Pnmt+ cells, which can then be readily detected using β-

galactosidase histochemical staining as described in the 
Methods section.  We have previously validated this 
mouse model in the developing heart.10  In the present 
study, we used a similar approach to reveal Pnmt+ 
cellular expression in the cerebellum. 
 

To verify the specificity of immunofluorescent and XGAL 
staining, we used mouse adrenal sections as a positive 
control, as shown in Fig. 2.  Pnmt immunofluorescent 
staining displayed strong medullary cell labelling (Fig. 

2A, green) as expected.  The surrounding cortex, which 
does not express Pnmt, did not show positive fluorescence 
labeling in these control experiments, as expected (Fig. 
2A).  In the absence of primary antibody, no fluorescent 
staining was observed (Fig. 2B), as expected.  In parallel, 
blue XGAL histochemical staining was robust in the 

adrenal medulla of Pnmt+/Cre;R26+/βgal mice (Fig. 2C).  In 

contrast, no positive XGAL staining was observed in 
negative controls lacking the Pnmt-Cre activator 

(Pnmt+/+;R26+/ βgal) as shown in Fig. 2D, indicating that 

expression of the βGal reporter in this strain was entirely 

dependent on Pnmt-Cre expression in Pnmt+ cells in vivo.  
These results verify that we could specifically detect 
Pnmt+ cells using these two independent approaches 
(IFHC and XGAL staining). 
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Figure 2: Pnmt expression in the mouse adrenal medulla detected by immunofluorescence (A&B) and XGAL (C&D) histochemical 
staining techniques.  (A)  Pnmt immunofluorescent staining (green) in the medulla with DAPI (blue) nuclear stain overlay.  (B) Negative 
control without anti-Pnmt primary antibody in an adjacent section from the same adrenal gland showing an absence of 
immunofluorescent staining, with only the DAPI nuclear stain evident in this overlay image. (C) XGAL histochemical staining (violet) in 

Pnmt+/Cre;R26+/βgal mouse adrenal medulla.  (D)  Negative control showing absence of XGAL staining in the adrenal medulla from 

Pnmt+/+;R26+/ βgal mice.  The sections shown in panels C&D were counterstained with eosin (pink). The dashed lines encircle the adrenal 

medulla in these images. Scale bars, 100 µm. 

 

To assess the extent of Pnmt-dependent βGal expression 

in the adult mouse cerebellum, we similarly performed 
XGAL staining in sagittal sections of the cerebellum where 
we surprisingly found that most of the positive staining 
was intensely concentrated in pockets within the Granular 
Layer (GL) as shown in Fig. 3.  This XGAL staining was 
clearly evident within the GLs even at low magnification 
(Fig. 3A&B).  Notably, we also detected lighter but 
consistently positive XGAL staining in the Purkinje Layer 
(PL) at low magnification (Fig. 3A&B).  This positive 
Purkinje Cell (PC) staining was much more distinctive at 
higher magnifications as shown from the expanded views 
depicted in Fig. 3D&E (arrows).  This staining appeared 
to mainly be in the PC soma.   

 
Of additional note, no XGAL labeling was observed in 
the Molecular Layer (ML).  We did, however, find limited 
but intensive XGAL staining in the Deep Cerebellar 
Nucleus (DCN) region where the staining was restricted to 
small circular zones, which appeared in some cases to 
possibly be surrounding tracts passing through this region 
(Fig. 3C).  In the absence of the Pnmt-Cre driver, no XGAL 
staining was observed in any of the cerebellar layers or 

DCN despite the presence of the βGAL allele 

(R26+/βGAL)(Fig. 3F).  Consequently, the positive XGAL 

staining observed in the representative images shown in 
Fig. 3A-E was dependent on the presence of the Pnmt-
Cre driver allele (Pnmt+/Cre). 

 

 
 
 
 
 

C D 

100 m 100 m XGAL XGAL 
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Figure 3.  Pnmt-dependent XGAL histochemical staining in sagittal sections of the adult mouse cerebellum.  All sections were 

stained with XGAL for detection of β-galactosidase activity.   Panels A-E are from Pnmt+/Cre;R26+/βgal mouse cerebellum.  A, Low-

magnification image showing positive XGAL staining in the GL and PL.  Boxed regions represent expanded views in B, D, and E 

(dashed arrows).  Panel C shows positive XGAL staining in the DCN region.  (F) Negative control (Pnmt+/+;R26+/βgal) at low 

magnification showing lack of positive XGAL staining in the absence of the Pnmt-Cre driver.  Abbreviations:  GL, Granular Layer, ML, 
Molecular Layer, PCs, Purkinje Cells, DCN, Deep Cerebellar Nuclei.  

 
In a parallel series of experiments, we also performed 
IFHC staining in adult mouse cerebellum sections using the 
sheep anti-Pnmt antibody that we employed for the 
adrenal medullary staining shown in Fig. 2.  With this 
approach, we consistently detected positive fluorescence 
in PCs where it was primarily confined to the soma, 
though there was also some fluorescent labeling of what 
appears to be dendritic processes emanating from the 
PCs that extended a short distance into the ML (Fig. 4A-
D).  Control sections without primary antibody showed no 
fluorescence when image-captured at the same exposure 
times and settings used for panels A-D (Fig. 4E).  Even 
when overexposed at maximum settings, no specific 
cellular IFHC staining was observed in the absence of 
primary antibody (Fig 4F).  Thus, the Pnmt-specific IFHC 
staining results indicated that Pnmt protein expression in 
the adult mouse cerebellum was largely restricted to the 
PCs. 
 

To investigate this further, we performed co-IFHC staining 
with anti-Pnmt (sheep) and anti-Pan-Neuronal (rabbit) 
antibodies that were visualized with green (Alexa488) 
and red (Alexa568) fluorescent secondary antibodies, 
respectively (Fig. 5).  There was a strong degree of co-
IFHC staining for Pnmt (green) and PanN (red) in the PCs 
that constitute the PL.  Arrows highlight representative 
individual co-labeled PCs but most if not all of them show 
strong concordance of staining within the PL, thus 
confirming that the Pnmt-positive immunoreactivity was 
essentially confined to the PL layer.  We did not observe 
positive Pnmt IFHC staining in either the GL or the DCN 
regions of the adult mouse cerebellum.  Consequently, 
active Pnmt protein expression in the adult mouse 
cerebellum appears to be restricted primarily to Purkinje 
neurons. 
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Figure 4.  Pnmt IFHC staining of Purkinje cells (PCs) in adult mouse cerebellum.   A-C, Dual Pnmt IF (green) and DAPI (blue) 
nuclear staining at 20X magnification.  D, Pnmt IFHC staining without DAPI.  E, Control IF without the anti-Pnmt primary antibody.  F, 
Same as panel E but overexposed to show background fluorescence at maximum brightness. GL, Granular Layer.  ML, Molecular 
Layer.  Scale bar, 50 µm. 
 

 
Figure 5: Pnmt and Pan-Neuronal (PanN) immunoreactivity in the mouse cerebellar Purkinje layer.  Trios of images immunostained 
simultaneously for Pnmt and PanN.  Panels A-C represent images taken with a 20X objective lens.  (A) Pnmt (green) immunoreactivity, 
(B) PanN (red) immunoreactivity, and (C) Fluorescent overlay image showing Pnmt, PanN, and DAPI staining. Panels D-F represent 
higher magnification (63.5X objective lens). (D) Pnmt (green) immunoreactivity, (E) PanN (red) immunoreactivity, and (F) Overlay 
showing Pnmt, PanN, and DAPI fluorescence.  Arrows highlight a single PC in each row stained under the conditions indicated. 
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Discussion 
Pnmt EXPRESSION IN ADULT MOUSE CEREBELLAR 
PURKINJE NEURONS 
Our results show that Pnmt protein is expressed in Purkinje 
neurons in the adult mouse cerebellum.  Principal evidence 
to support this conclusion stems from consistent positive 
Pnmt IFHC staining found in PC soma throughout the PL.  
Further, IFHC co-staining experiments with a pan-
neuronal antibody showed striking overlap with Pnmt+ 
IFHC staining in PCs, which were also identified by their 
uniquely large size, shape, and location as a single-cell 
layer (PL) separating the ML from the GL in sagittal 
sections of the cerebellar lobes.  These findings were 
independently corroborated by demonstration of Pnmt 
mRNA expression in the mouse cerebellum and positive 
XGAL staining that was also observed in Purkinje neurons 
when activated in vivo by our Pnmt-Cre knock-in driver.   
 

Our demonstration that Pnmt protein is expressed in 
cerebellar Purkinje neurons is consistent with earlier work 
showing Pnmt immunohistochemical staining in cerebellar 
Purkinje neurons from a postnatal day 8 human brain7, as 
well as other studies showing that Pnmt mRNA, enzyme 
activity, and epinephrine are all present in the adult 
rodent cerebellum.6-8  Our results thus build upon and 
extend these prior findings by providing a fuller picture 
of the distinctive cellular distribution pattern of Pnmt+ 
cellular expression in the adult mouse cerebellum.  To the 
best of our knowledge, the present study represents the 
first demonstration of Purkinje neuron expression of Pnmt 
protein in the adult mouse cerebellum. 
 

In contrast, our findings appear inconsistent with a recent 
report indicating that Pnmt mRNA expression is absent in 
the adult mouse cerebellum,9 which is also in contrast to 
other earlier studies showing that Pnmt mRNA, protein, 
and product are all present,6-8 albeit at low levels, within 
the cerebellum.  Consequently, it is possible that the Pnmt 
expression levels were below the limit of sensitivity from 
the one study that reported an absence of Pnmt 
expression in the mouse cerebellum.9  Alternatively, 
different methodologies were used to detect Pnmt mRNA 
expression in the negative study (RNA-sequencing)9 
versus the positive studies (gene-specific PCR),6 including 
the work in the present study (Fig. 1), which may have 
also contributed to the apparent differences reported.  
Further, some of the earlier studies that examined Pnmt 
mRNA and enzyme activities were performed in 
Sprague-Dawley rats6,8 rather than mice, so species-
specific differences may have also contributed to the 
differences observed.  Despite these caveats, most of the 
evidence in the published literature strongly suggests that 
Pnmt is expressed in the mammalian cerebellum,6,7,21,33-36 
consistent with our present findings showing that Pnmt is 
expressed in mouse cerebellum. 
 

Pnmt-driven reporter gene (LacZ) gene expression in the GL 
and DCN regions of the cerebellum   We did not detect 
active Pnmt IFHC expression outside of the Purkinje cell 
layer in the adult cerebellum except for short process 
extensions (Fig. 4D) into the molecular layer (ML) that 
likely represent the well-known dendritic arborizations 
that arise in this direction from PCs.37  Consequently, the 
strong Pnmt-driven XGAL labeling in the granular layer 
(GL) and Deep Cerebellar Nuclei (DCN) regions of the 
adult mouse cerebellum likely represent sites of historical 

Pnmt expression that may have occurred earlier in the 
developing cerebellum.  Indeed, there is well-
documented evidence of Pnmt protein expression in the 
cerebellum and other regions of the mouse CNS that is 
prevalent at fetal and early postnatal stages that 
subsequently diminishes or disappears in adulthood.38,39  
Another potential explanation is that this staining may 
represent neuronal processes from PCs that extend 
through the GL and into the DCN, accounting for the 
discordant Pnmt-dependent XGAL and IFHC staining 
outside of the PL, although additional investigation will 
be needed to resolve this question. 
 

Study Limitations 
The focus of this study is limited to the neuroanatomical 
expression of Pnmt in the adult mouse cerebellum.  The 
expression of the other enzymes in the catecholamine 
biosynthesis pathway were not investigated in this study; 
thus, it remains unclear if the observed Pnmt expression in 
Purkinje neurons results in epinephrine production in these 
cells in the adult brain.  Not all Pnmt-expressing cells are 
necessarily adrenergic.40  We also did not examine the 
cellular expression patterns of Pnmt protein at earlier 
stages of development in the cerebellum, but the results 
we have presented here provide an essential foundation 
and tools for future studies to further investigate the role 
of Pnmt expression in the cerebellum and other parts of 
the CNS. 

 

Conclusion 
The major findings from this study show that, (i) Pnmt 
mRNA is expressed in mouse cerebellum, (ii) Pnmt+ 
cellular expression in the adult mouse cerebellum is 
restricted primarily to the Purkinje neurons, and (iii) the 
intensive marking of GL and DCN areas in addition to the 
PL with Pnmt-driven reporter gene expression in vivo 
suggests that the historical patterns of Pnmt expression in 
the developing mouse cerebellum may be much more 
extensive than previously appreciated and thus worthy 
of further study.  The present study provides the 
anatomical “blueprints” for mapping these newly 
revealed and potentially intriguing connections41 in the 
future. 
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