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The structural characteristics of dorsal guard hair were analyzed in twelve cricetid rodent species, including eleven peromyscine and one 
sigmodontine species, using optical microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Hairs 
were collected from the dorsal region of adult specimens, prepared according to standard protocols, and examined to describe cuticular 
and medullary morphology. Optical microscopy revealed irregular mosaic-scale patterns with interspecific variation in density and contour. 
SEM confirmed diagnostic differences in scale size and arrangement, while TEM revealed variation in internal medullary organization. The 
combined use of these techniques provided morphological criteria useful for taxonomic assessment, particularly at higher taxonomic levels 
and established a comparative methodological framework for mammalogical studies. Our findings highlight the value of multitechnique hair 
analysis for taxonomic identification and for understanding structural adaptations in Neotropical rodents.
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Se analizaron las características estructurales del pelo de guarda dorsal en doce especies de roedores cricétidos, incluyendo once especies 
peromiscinas y un sigmodontino, mediante microscopía óptica, microscopía electrónica de barrido (SEM) y microscopía electrónica de 
transmisión (TEM). Los pelos fueron recolectados de la región dorsal de ejemplares adultos, preparados de acuerdo con protocolos estándar y 
examinados con el fin de describir la morfología cuticular y medular. La microscopía óptica reveló patrones de escamas en mosaico irregular, 
con variación interespecífica en la densidad y el contorno. El uso de SEM confirmó diferencias diagnósticas en el tamaño y la disposición 
de las escamas, mientras que la TEM evidenció variaciones en la organización interna de la médula. El uso combinado de estas técnicas 
proporcionó criterios morfológicos útiles para la evaluación taxonómica, particularmente a niveles taxonómicos superiores y estableció un 
marco metodológico comparativo para estudios mastozoológicos. Los hallazgos destacan el valor del análisis multitécnico del pelo para la 
identificación taxonómica y para la comprensión de las adaptaciones estructurales en roedores neotropicales.

Palabras clave: estructura medular, morfología del pelo, pelo de mamíferos, Peromyscine, roedores neotropicales, técnicas microscópicas.
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Hair is an epidermal appendage composed of keratinized 
cells, extensively studied since the late 18th and early 
19th centuries. It has been considered the most important 
diagnostic feature of mammals, as it appears at least during 
some stage of life and in both sexes. Moreover, it possesses 
characteristics and properties that make it useful in studies 
across various fields of biological sciences (Hausman 1920; 
1930; Arita and Aranda 1987; Teerink 2003).

The resilience and stability of hair and all its components, 
along with its ease of collection and handling, have made it 
an excellent element for biological, forensic (Deedrick and 
Koch 2004; Tremori et al. 2018) and archaeological research 
(Tridico 2015; Wygal et al. 2024). Optical microscopy is the 
technique responsible for the development of hair studies, 
or trichology, since the discovery and description of its mor-
phological constituents, which are organized into three main 
layers: the innermost part, called the medulla, composed of 
remnants of keratinized cells arranged in columns; the cortex, 
the intermediate layer, made up of spindle-shaped cells and 
containing pigment granules that give hair its color; and the 
cuticle, the outer region, formed by plates of cells arranged 
in scales (Hausman 1920, 1924, 1930, 1932; Williams 1938; 
Stoves 1942; Oyer 1946; Noback 1951).

Analysis of these microscopic hair structures revealed 
morphological differences in medullary cells and cuticular 
scales among various mammalian species, which is why 
hair has been widely used for genus and even species 
identification (Arita and Aranda 1987; Amman 2002; Baca 
and Sánchez-Cordero 2004).

Nevertheless, meticulous study of morphological 
differences that enabled taxonomic identification and 
the publication of guidelines made necessary the use 
of electron microscopes (Short 1978; Clement et al. 
1981; Quadros and Monteiro-Filho 1998; Amman 2002; 
Teerink 2003; Debelica and Thies 2009), mainly due to the 
advantage of directly observing cuticular morphology in 
greater detail thanks to their high resolution and depth of 
field. Thus, using both scanning and transmission electron 
microscopes made it possible to observe structural details 
useful not only for taxonomy but also for histological 
studies of important structures such as the hair follicle, 
medulla, and pigment granules or melanosomes (Birbeck 
et al. 1956; Birbeck and Mercer 1957; Chernova 2002, 2003, 
2006; De Cássia et al. 2007; Borovansky 2011).

Currently, although hair studies undeniably require 
optical microscopes, they are incomplete without more 
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sophisticated tools such as electron microscopes, this 
is because, despite appearing to be a simple structure, 
more microstructural details with significant adaptive, 
physiological, and genetic implications continue to be 
discovered (Russell 1946; Birbeck and Mercer 1957; Alibardi 
2004a, 2004b).

In hair studies, as in many areas of biological sciences, 
different microscopic techniques prove complementary—
from the simplest, which helps to understand the structure 
of the hair fiber, to the most sophisticated, which reveal 
details of its micro- and ultrastructure and their respective 
biological implications. This work presents the hair structure 
of several peromyscine rodents (Family Cricetidae, Tribe 
Peromyscini), including species of the genus Peromyscus 
and related genera, using light and electron microscopy, 
as well as the differences in observations and scope with 
each technique. Peromyscine rodents constitute one of 
the most diverse groups of small mammals in Mexico and 
represent a taxonomically cohesive group for evaluating 
hair microstructure. However, the diagnostic value of 
hair at the species level remains uncertain among closely 
related taxa. The selection of Peromyscini allowed the 
evaluation of hair microstructure within a closely related 
group, facilitating the assessment of its diagnostic value 
and the comparative advantages of different microscopic 
techniques.

Materials and methods 
The selection of the tribe Peromyscini aimed to conduct 
the analysis within a taxonomically cohesive group, 
allowing a clearer assessment of the diagnostic value of 
hair among closely related taxa. This approach, combined 
with the use of complementary microscopic techniques, 
makes it possible to evaluate both the usefulness of hair 
as a taxonomic character and the advantages and scope of 
different levels of microscopic analysis.

One sigmodontine species (Sigmodon mascotensis) 
was included to provide a comparative framework within 
Cricetidae. This species was examined exclusively using 
optical microscopy, as medullary patterns have traditionally 
been considered one of the primary taxonomic characters 
in hair-based identification. The inclusion of this species 
allowed comparison of medullary organization at a broader 
familial scale, without extending the analysis to higher-
resolution techniques.

Sample Collection, Preparation, and Optical Microscopy. 
Hair samples from the dorsal guard region were taken 
from specimens housed at the “Alfonso L. Herrera” Zoology 
Museum, Faculty of Sciences, Universidad Nacional 
Autónoma de México (UNAM), from the following genera 
and species: 1) Habromys (H. ixtlani and H. lophurus); 
2) Megadontomys (M. cryophilus and M. nelsoni); 3) 
Osgoodomys banderanus; 4) Onychomys leucogaster; 5) 
Peromyscus (P. mexicanus, P. difficilis, and P. eremicus); 6) 
Neotomodon alstoni; 7) Reithrodontomys chrysopsis; and 8)
Sigmodon mascotensis

For each analyzed species, ten individual hairs were 
washed with absolute ethanol to remove impurities and 
grease and subsequently mounted on slides using Canada 
balsam. Preparations for each genus were observed under 
a Leica DM 2000 optical microscope equipped with an 
integrated CCD camera (charge-coupled device), which 
was used to capture micrographs at 20X.

The analyzed regions of each sample included the distal 
and proximal portions of the hair, as well as the spatula 
region (widest part). Due to structural variation along the 
hair shaft, the medulla in the spatula region was considered 
the primary reference. Morphology was analyzed according 
to Hausman’s classification (1920).

Scanning Electron Microscopy (SEM). Scanning electron 
microscopy (SEM) was used to analyze the surface 
morphology of the hair shaft, with particular emphasis 
on cuticular scale patterns and features relevant for 
interspecific comparison. Hair samples were mounted in 
cylinder aluminum stubs and adhered with conductive 
double-side carbon tape.

SEM observations were conducted using a JEOL JSM-
5900LV (low vacuum/variable pressure) microscope on 
dorsal guard hairs from the following species: H. simulatus, 
H. ixtlani, O. banderanus, P. mexicanus, P. difficilis, P. hylocetes, 
P. eremicus, M. cryophilus, M. nelsoni, and N. alstoni. The 
regions selected for observation were the shaft near the 
root and the midsection or spatula. All observations were 
performed at an accelerating voltage of 20 kV, which was 
kept constant for all species.

Several regions of the hair were examined, including 
the shaft near the root and the midsection or spatula. 
However, interspecific comparisons were primarily based 
on observations of the midshaft region, where cuticular 
patterns are more stable and comparable among species. 
To observe scale morphology, whole hairs were mounted 
flat on carbon tape and coated with Au (gold) using a 
sputtering evaporation system, as fresh observations were 
hindered by electrical charging due to the non-conductive 
nature of the samples.

To determine and quantify the percentage of each 
element present in mammalian hair, energy-dispersive 
X-ray spectroscopy (EDS) microanalysis was performed 
on uncoated hair samples from H. ixtlani, P. mexicanus, P. 
difficilis, P. hylocetes, M. cryophilus and M. nelsoni , using a 
JEOL JSM-5900LV microscope equipped with an Oxford 
detector (ISIS model).

Dual Beam Microscopy (FIB). Focused ion beam scanning 
electron microscopy (FIB-SEM) was employed to obtain 
high-resolution cross sections of the hair shaft and to 
examine the internal microstructure of the cuticle, cortex, 
and medulla. The objective of using this technique was 
to complement light microscopy and conventional 
SEM observations by providing detailed information on 
internal morphology and three-dimensional structural 
relationships that cannot be observed from surface images 
alone. Due to the difficulty of preparing transverse and 
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Results
Optical Microscopy. The dorsal guard hair micrographs 
correspond to twelve species of rodents housed in the 
mammal collection of the “Alfonso L. Herrera” Museum, 
Faculty of Sciences, UNAM. The analyzed hairs consist of 
a proximal depigmented shaft region and a distal region 
containing the widest and most pigmented part of the 
shaft (shield), which provides the characteristic coloration 
of each species.

At 20X magnification (Figure 1), the medullary pattern 
was clearly visible without the need for bleaching 
procedures. In peromyscine species such as P. mexicanus 
(Fig. 1A), P. eremicus (Fig. 1B), and H. lophurus (Fig. 1D), 
the medulla spans the entire width of the hair shaft and is 
compound, typically biseriate along most of its length. In 
the widest regions of the shield, it may become triseriate, 
with a central rounded cell flanked by two elongated, 
flattened cells. In some areas, these cells partially fuse, 
forming poorly defined transverse bands.

Similar patterns were observed in N. alstoni (Fig. 1E), 
O. banderanus (Fig. 1F), O. leucogaster (Fig. 1G), and R. 
chrysopsis (Fig. 1H), although variation in shaft width and 
pigmentation intensity was evident. The most marked 
deviation from this pattern was observed in S. mascotensis 
(Fig. 1C), whose hairs are wider, longer, and more heavily 
pigmented, with a multiseriate medulla composed of 
rounded cells that fuse to form more defined transverse 
bands. Overall, optical microscopy reveals a highly 
conserved medullary architecture among the analyzed 
taxa. The observed variation was insufficient to establish 
diagnostic characters at the species level within the 
family Cricetidae.

Scanning Electron Microscopy. Scanning electron 
microscopy enabled direct observation of cuticular scale 
morphology across the examined taxa (Figure 2A–F). 
In peromyscine mice, as in most mammalian species, 

longitudinal sections using conventional methods such 
as ultramicrotomy, a morphological exploration was 
conducted on hair samples from P. mexicanus using a 
Dual Beam Nova 200 Nanolab station. Hair samples were 
mounted on aluminum stubs using conductive copper 
tape to ensure both mechanical stability and electrical 
continuity between the specimen and the holder.

FIB-SEM analysis was performed on a limited number of 
samples due to the restricted availability of instrument time 
and the high cost associated with this technique; therefore, 
these observations were intended to complement optical 
and surface analyses rather than to provide a comparative 
analysis among species. Milling was performed using a 
gallium ion beam, and scanning images were obtained 
using the electron beam operated at 20 kV with an Everhart–
Thornley detector, allowing visualization of the internal 
structure of the three layers composing the hair shaft.

Transmission Electron Microscopy (TEM). Transmission 
electron microscopy (TEM) was employed to examine the in-
ternal ultrastructure of the hair shaft. Ultrathin sections were 
obtained by ultramicrotomy, allowing detailed observation 
of the cuticle, cortex, and medulla at high resolution.

For TEM analysis, hair from M. cryophilus was embedded 
in EPON resin after being washed in propylene oxide 
and placed in a pre-embedding mixture of the same 
substance and resin. Samples were then transferred to 
embedding molds, filled with resin, and cured in an oven 
at temperatures ranging from 30 to 60°C for 48 hours. 
Hardened preparations were used to obtain fine and semi-
thin sections with a Leica EM UC6 ultramicrotome.

Samples were observed using a FEI F30 field emission 
microscope operating at 300 kV. Measurements of observed 
structures were performed using Digital Micrograph 
software version 3.11.0 (GATAN 2007). The photographs 
presented correspond to species exhibiting general 
patterns found across all analyzed specimens.

Figure 1. Optical micrographs (20X) showing the medullary patterns of dorsal guard hairs from eight rodent species. (a) Peromyscus mexicanus; (b) Peromyscus eremicus; (c) Sigmodon 
mascotensis; (d) Habromys lophurus; (e) Neotomodon alstoni; (f ) Osgoodomys banderanus; (g) Onychomys leucogaster; and (h) Reithrodontomys chrysopsis.
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the thinner regions near the root tend to exhibit a 
predominantly coronal arrangement, whereas the wider 
regions of the shaft are characterized by imbricate scales.

In P. difficilis (Figure 2A–B), the shaft displays imbricate 
scales with relatively regular, overlapping margins. Toward 
the wider regions, the free edges become more defined, 
although the general pattern remains symmetrical and 
moderately spaced. In P. mexicanus (Figure 2C), the 
imbricate pattern is maintained, but the scales in the 
widest region are distinctly crenate, with large, symmetrical 
undulations along their distal margins.

A similar imbricate organization is observed in M. nelsoni 
(Figure 2D), whose scales resemble those of Peromyscus 
species in their general arrangement, though they 
appear broader and more uniformly distributed, with less 
pronounced marginal undulation. In H. ixtlani (Figure 2E–F), 
the scales are also imbricate but tend to be more widely 
spaced and smoother, exhibiting gently curved margins 
with reduced crenation. In some regions, the pattern 
appears less symmetrical along the shaft, while in broader 
portions the scales remain symmetrical but comparatively 
non-undulated and more separated.

Overall, although all species share the imbricate 
configuration characteristic of cricetid rodents, variation 
in cuticular morphology is influenced not only by 
interspecific differences but also by changes in hair shaft 
thickness, as observed in H. ixtlani and P. difficilis, where 
scale configuration shifts between thinner and wider 
regions of the hair. Interspecific variation is evident in scale 
width, spacing, and degree of marginal crenation; however, 
these differences are subtle and partially overlapping 

among taxa. This suggests that cuticular morphology 
alone may provide limited diagnostic resolution at the 
species level within closely related cricetids and may be 
more informative when interpreted in combination with 
additional microscopic characters.

Ultramicrotomy Sections. Ultramicrotome sections of M. 
cryophilus allowed observation of the internal organization 
of the hair shaft (Figure 3A–D). Transverse sections (Figure 
3A–B) reveal a relatively simple medulla composed of distinct 
compartments or voids, with central cavities bordered 
by cortical material. Longitudinal sections (Figure 3C–D) 

Figure 3. Ultramicrotome sections of Megadontomys cryophilus hair. (A–B) Transverse 
sections showing medullary compartments and central cavities. (C–D) Longitudinal 
sections displaying a discontinuous, staircase-like medulla with spherical (pheomelanin-
type) and ellipsoidal (eumelanin-type) melanosomes. 

Figure 2. Scanning electron micrographs showing cuticular scale morphology in cricetid rodents. (A–B) Peromyscus difficilis; (C) Peromyscus mexicanus; (D) Megadontomys nelsoni; and 
(E–F) Habromys ixtlani. Images illustrate variation in imbricate scale arrangement, marginal crenation, and spacing along the hair shaft.
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show a discontinuous, staircase-like medulla containing 
numerous pigment granules. Two main morphologies are 
evident: spherical bodies measuring approximately 0.7–
1.0 µm in diameter and elongated to ovoid bodies up to 
1.4–1.5 µm in length. These correspond morphologically 
to pheomelanin (spherical) and eumelanin (ellipsoidal) 
melanosomes, respectively.

Energy-Dispersive X-ray Spectroscopy (EDS). Energy-
dispersive X-ray spectroscopy (EDS) analysis performed 
on a localized region near the hair root confirmed that 
the elemental composition of the shaft is dominated by 
carbon (C) and oxygen (O), with a well-defined sulfur (S) 
peak (Figure 4). The high carbon and oxygen signals are 

consistent with the organic keratin matrix of mammalian 
hair, while the sulfur peak reflects the presence of sulfur-
containing amino acids (e.g., cysteine) characteristic of 
keratinized structures.

In addition to these major elements, minor peaks 
corresponding to sodium (Na), magnesium (Mg), aluminum 
(Al), silicon (Si), chlorine (Cl), potassium (K), and calcium 
(Ca) were detected at lower intensities. Among these, 
potassium and calcium were comparatively more evident 
in some samples, particularly in Peromyscus mexicanus. 
These elements likely represent trace constituents either 
structurally associated with the hair matrix or adsorbed 
from environmental exposure.

Figure 4. EDS spectrum of Peromyscus mexicanus. 

Figure 5. FIB–SEM micrographs of dorsal guard hair from Peromyscus mexicanus, showing sequential ion beam milling and cross-sectional exposure of the internal structure. (A–C) 
Trench excavation and exposure of the internal region. (D–H) Polished cross-sections revealing cortical and medullary organization at increasing magnification.
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Overall, the elemental profiles were broadly consistent 
across analyzed specimens, with no marked interspecific 
differences in the dominant components.

Dual Beam Microscopy (FIB). Morphological exploration 
using dual-beam microscopy was conducted on Peromyscus 
mexicanus. Milling was performed in the midsection of the 
hair shaft. The sequential stages of trenching and exposure 
of the internal structures are illustrated in figure 5 (figure 
A–E). The selected milling area and initial trench opening 
are shown in Figure 5 A, followed by progressive removal 
of material to expose the internal face of the fiber (Figure 
5 B). Higher magnification images (Figure 5 C) reveal the 
compact external cuticle and the underlying cortical region.

Continued milling produced a well-defined rectangular 
window (Figure 5 D–E), clearly exposing the three principal 
layers of the hair shaft. The cuticle appears as a dense, 
continuous outer layer; beneath it, the cortex shows a 
compact arrangement of cortical cells; and centrally, the 
medulla is visible as a less compact region with internal 
structural heterogeneity.

Detailed examination of the exposed cavity (Figure 
F) revealed additional structures associated with the 
inner cuticle boundary. A globular body measuring 
approximately 2.9 µm in diameter was observed attached 
to the internal wall, together with a tangled filamentous 
network containing small spherical elements of 
approximately 0.5 µm. These structures were not evident 
using optical microscopy or conventional SEM and became 
distinguishable only after focused ion beam milling.

The final milled views (Figure G–H) provide a clearer 
cross-sectional perspective of the internal organization 
of the shaft, confirming the stratified arrangement of 
cuticle, cortex, and medulla, and highlighting the three-
dimensional architecture revealed by the FIB-generated 
window. This technique, unlike ultramicrotomy or chemical 
preparation methods, allows step-by-step observation of 
the milling process, enabling detailed imaging of each layer 
and a better understanding of hair fiber structure.

The filamentous network and associated globular 
elements observed at the inner cuticle boundary represent 

Figure 6. TEM micrographs of transverse sections of dorsal guard hair of Megadontomys cryophilus. (A–B) General view of the shaft showing cortical region and partially deteriorated 
medulla. (C–D) Detail of cortical organization with electron-dense spherical and ovoid bodies.



www.mastozoologiamexicana.org   241

Rendón-Lugo

features that became discernible only after focused ion 
beam milling. Although their biological nature cannot be 
determined at this stage, their presence highlights the 
analytical potential of dual-beam FIB-SEM for revealing 
submicron-scale internal structures that remain inaccessible 
using conventional optical or scanning electron microscopy. 
These findings underscore the need for further systematic 
application of this technique to evaluate the reproducibility 
and structural significance of such features.

Transmission Electron Microscopy. Transverse sections of 
M. cryophilus dorsal guard hair prepared by ultramicrotomy 
were examined under TEM (Figure 6). The shaft shows an 
outer cortex and an internal medullary region. Because 
the sections were not coated, progressive beam-induced 
deterioration was observed, mainly affecting the medulla. 
The medullary region appeared fragmented and was 
gradually lost during observation, whereas the cortex 
remained comparatively preserved. In several sections, 
the shaft appeared as a hollow oval structure with residual 
medullary fragments attached to the inner wall.

The cortex displayed a spongy appearance with 
apparent intercellular spaces (Figure 6 C–D). However, 
FIB–SEM sections showed cohesive cortical organization, 
suggesting that some separations observed here may 
be beam-related artifacts. Electron-dense spherical and 
ovoid bodies were observed within the cortex (Figure 6 
A–D). Their size ranged up to 1.1 µm in spherical forms and 
up to 1.8 µm in ovoid forms. Based on morphology and 
correspondence with SEM observations, these structures 
are compatible with melanosomes.

Discussion
A methodological aspect that should be considered 
is that the observations performed using different 
microscopic techniques were not always conducted on 
the same species. This situation was determined both 
by the availability of suitable material for each type of 
preparation and by the technical requirements—and in 
some cases the partially destructive nature—of certain 
methodologies. However, since the primary objective of 
this study was to characterize hair microstructure and to 
evaluate the type of information that can be obtained at 
different levels of resolution, this approach does not affect 
the general interpretation of the results.

Moreover, the basic organization of hair in cricetid 
rodents follows a broadly conserved structural plan, allowing 
comparable patterns to be recognized among closely 
related species and enabling the use of different specimens 
to document morphological features representative of 
the group. In this sense, the use of different species across 
distinct techniques provided a complementary illustration 
of the structural variability and complexity of hair, as well as 
of the analytical capabilities of each method.

Optical Microscopy. Optical microscopy is undoubtedly 
the foundation for exploring the morphological patterns 
present in hair, and according to Teerink (2003), it has been 

used in trichological studies since the mid-19th century. 
The main structural elements of the hair shaft were clearly 
described using light microscopy, although indirect 
methods were required for some structures such as the 
cuticle, which could be observed by imprinting the scales 
onto materials like commercial nail polish (Hausman 1920, 
1924, 1930, 1932; Apgar 1930; Mathiak 1938; Williams 1938; 
Stoves 1942; Oyer 1946; Noback 1951).

Despite the limitations of this type of observation, 
Hausman (1920, 1924, 1930) proposed that cuticular 
morphology is more closely related to hair thickness than 
to taxonomic grouping. This tendency was also observed 
in the rodent hair examined here, where scales near the 
shaft—i.e., the thinnest region—are coronal, while in the 
wider midsection they are consistently imbricate. This same 
association between cuticular pattern and shaft diameter 
can be observed in other mammalian taxa, including 
Loxodonta africana (Hausman, 1920), Didelphis virginiana 
(Juárez-Sánchez et al. 2010), and Cryptotis mexicana (Baca 
and Sánchez, 2004). Although additional comparative 
studies would be needed to determine how general this 
pattern is across mammals, its presence in phylogenetically 
distant groups suggests that hair thickness may play a 
stronger role than fine-scale taxonomic differences in 
shaping cuticular structure.

The medulla has been considered the most important 
hair structure due to its species-specific patterns, particularly 
in the widest region, which has enabled the publication 
of numerous taxonomic identification keys using optical 
microscopy as the primary tool (Mathiak 1938; Mayer 1952; 
Quadros and Monteiro-Filho1998; Teerink 2003; Debelica 
and Thies 2009).

In peromyscine mice, no well-differentiated medullary 
morphological types were observed that would allow 
reliable species-level identification. While previous studies 
have shown that medullary patterns can be useful for 
distinguishing taxa at broader hierarchical levels, such 
as families or genera (e.g., Pech-Canché et al. 2009), the 
present results indicate that their resolution decreases 
among closely related species. Some degree of variation 
may reflect ecological influences and phenotypic plasticity 
(Chernova 2006), particularly in traits such as coloration or 
shaft dimensions; however, the fundamental medullary 
organization remains relatively conserved within the group. 
These adaptive traits primarily support thermoregulation, 
as evidenced by the presence of different hair types and 
pigmentation patterns in guard hairs, such as those in 
the subgenus Haplomylomys, where pigmentation is 
restricted to the final third of the shaft. The presence of 
coronal scales near the root also appears to be related to 
thermoregulation, as their open structure allows air to be 
trapped between shafts, functioning as thermal insulation.

The inclusion of S. mascotensis provided a broader 
perspective on medullary organization within Cricetidae. 
Despite belonging to a different lineage within the family 
Cricetidae, its medullary pattern did not exhibit radical 
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structural divergence from those observed in peromyscines. 
Instead, variation in medullary configuration appeared to 
be more closely associated with hair shaft width than with 
fine-scale taxonomic distinctions. This finding supports the 
idea that medullary architecture is constrained by structural 
and dimensional factors, which may limit its usefulness 
for distinguishing closely related peromyscine species. 
Consequently, the similarity of qualitative medullary 
patterns across taxa helps explain the reduced diagnostic 
resolution of hair morphology at the species level. The 
advantages of optical microscopy in hair studies include 
its ease of use for rapid and straightforward exploration of 
various hair traits, especially medullary morphology.

Scanning Electron Microscopy (SEM). SEM has been a 
fundamental tool in trichological research due to its high 
resolution and depth of field, allowing detailed observation 
of cuticular morphology (Reimer 1993; Vázquez-Nin and 
Echeverría 2000; Egerton 2005). Cuticular scale patterns, 
including dentate or crenate margins, are clearly resolved 
with this technique (Chernova 2002). Although SEM-
based keys have relied heavily on scale morphology for 
taxonomic identification (Ahmed et al. 2018; Lee et al. 
2014; Debelica and Thies 2009; Teerink 2003), some authors 
consider scales to have limited diagnostic value when used 
alone (Mayer 1952; Homan and Genoways 1978; Short 
1978). In peromyscine rodents, the imbricate configuration 
predominates, and identification may depend on the 
combined interpretation of multiple hair characters 
(Teerink 2003).

Beyond taxonomy, SEM reveals functional aspects of 
the cuticle, including its interaction with environmental 
particles. Highly open coronal scales in nectarivorous 
bats, for example, facilitate pollen retention (Howell and 
Hodgkin 1976; Vaughan 1988; Chernova 2002; Meyer et al. 
2002), whereas the more tightly appressed imbricate scales 
observed here suggest different ecological adaptations.

Ultramicrotome sections. Ultramicrotome sections pro-
vide controlled visualization of internal hair architecture (De 
Cássia et al. 2007). In M. cryophilus, transverse and longitu-
dinal sections revealed a relatively simple, discontinuous 
medulla containing two morphologically distinct pigment 
granule types: spherical and ellipsoidal bodies.

These correspond to pheomelanin and eumelanin 
melanosomes, respectively, consistent with established 
ultrastructural descriptions (Ito and Wakamatsu 2003). 
Hair coloration reflects the relative abundance and 
distribution of these pigments (Ozeki et al. 1995; Rees 
2003; Fan et al. 2010; Delevoye et al. 2011). The coexistence 
of both morphotypes suggests pigment heterogeneity 
integrated within the keratinized medullary framework 
(Borovansky 2011).

These correspond to pheomelanin and eumelanin 
melanosomes, respectively, consistent with established 
ultrastructural descriptions (Ito and Wakamatsu 2003). 
Hair coloration reflects the relative abundance and 
distribution of these pigments (Ozeki et al. 1995; Rees 

2003; Fan et al. 2010; Delevoye et al. 2011). The coexistence 
of both morphotypes suggests pigment heterogeneity 
integrated within the keratinized medullary framework 
(Borovansky 2011).

Energy-Dispersive X-ray Spectroscopy (EDS). EDS analysis 
confirmed that hair is primarily composed of carbon and 
oxygen, consistent with keratin and melanin polymers, 
and showed a strong sulfur signal indicative of cysteine-
rich α-keratin (Robbins 2012). While EDS does not allow 
direct chemical discrimination between eumelanin 
and pheomelanin at the resolution employed, the 
morphological differentiation of melanosomes supports 
compositional heterogeneity within the medulla.

Melanosomes are also capable of binding metallic 
elements and toxins (Tobin 2008; Kintz and Villain 2005). 
SEM combined with EDS therefore offers the potential 
to assess localized elemental accumulation and 
contaminant particles associated with hair (Lee and von 
Lehmden 1973), providing complementary structural 
and microanalytical insights.

Focused Ion Beam (FIB) Microscopy. The application of 
FIB milling provided access to internal features that were 
not clearly distinguishable using the other microscopy 
techniques employed. Progressive material removal 
permitted controlled exposure of the cuticular scales, 
which exhibited a sponge-like internal appearance, and of 
the cortex, composed of quadrangular, hyaline cells that 
are inherently difficult to visualize (Hausman 1920).

One of the most remarkable findings of this study was 
the identification of spherical structures associated with 
a dense network of disorganized filaments, resembling a 
tangled skein of yarn, revealed through FIB-SEM analysis. 
To my knowledge, this structural arrangement has not 
been previously described in the literature on mammalian 
hair ultrastructure. Although its biological nature requires 
further investigation, the detection of this complex internal 
organization highlights the capacity of advanced ion-beam–
assisted microscopy to uncover previously unrecognized 
features, even in tissues that have been extensively studied 
for decades. This observation emphasizes the importance 
of applying novel high-resolution methodologies to revisit 
classical biological materials, as they may still harbor 
undocumented structural complexity.

Interpretation of the exposed internal structures must 
be approached with caution. Certain filamentous or 
globular features may reflect modifications induced during 
ion milling, including redeposition effects, beam-induced 
damage, or partial collapse of internal components, rather 
than representing intrinsic morphological traits of the hair 
shaft. Beam-induced damage and material redeposition are 
well-documented phenomena in FIB processing (Giannuzzi 
and Stevie 1999; Mayer et al. 2007; Volkert and Minor 2007). 
Consequently, additional replicates and complementary 
techniques will be necessary to distinguish genuine 
biological organization from potential preparation artifacts 
inherent to the FIB process.
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Additionally, through characteristic X-ray analysis (EDS), 
it was possible to directly verify the elemental composition 
of hair across its layers. In the outermost layers—namely, 
the cuticle and cortex—a high concentration of sulfur was 
detected, in contrast to the medulla, which lacked this 
element, as confirmed in this study using this analytical tool.

The FIB-SEM analysis was conducted on a single 
representative sample, reflecting the practical constraints 
inherent to this technique, including extended preparation 
and acquisition times, the need for highly specialized 
infrastructure, and its partially destructive nature due to 
progressive ion milling. Although the number of samples 
analyzed was limited, the aim of incorporating FIB-SEM was 
not to evaluate interspecific or interindividual variation, 
but to explore the three-dimensional organization and 
microstructural arrangement of the hair shaft at high 
resolution. Within this context, the use of a single sample 
proved sufficient to document structural features that are 
not accessible through conventional sectioning or surface 
imaging techniques.

Given that hair in cricetid rodents follows a broadly 
conserved structural plan, the features observed can be 
interpreted as representative of the general architectural 
organization of the group. The ultrastructural information 
obtained through FIB-SEM is particularly valuable 
for understanding keratinized tissues, as it allows the 
integration of observations across different scales of 
resolution and facilitates more precise interpretation of 
cuticular, cortical, and medullary organization. Thus, rather 
than serving a comparative purpose, the application of FIB-
SEM in this study provides a methodological contribution 
by demonstrating the analytical potential of high-resolution 
three-dimensional imaging to complement optical and 
conventional electron microscopy approaches.

Transmission Electron Microscopy. Transmission electron 
microscopy enabled the observation of morphological 
details in the structures previously examined using 
other techniques. The oval shape of hair, clearly visible 
in transverse sections, has been described since the 
earliest studies, which also reported other forms such 
as dorsoventrally flattened and peanut-shaped hairs 
(Hausman 1920, 1924; Williams 1938). The key difference 
lies in the microstructural details that are lost with optical 
microscopy, such as the fibrillar structure of hair, the 
spherical and ovoid bodies, and their thin membranes. 
These bodies match in size those observed in longitudinal 
sections under scanning electron microscopy.

Such structures may be identified as pigment granules, 
since according to Fan et al. (2010), eumelanosomes are 
elongated and ellipsoidal, with a diameter of 0.9 µm. In 
contrast, pheomelanosomes are packed into spherical 
bodies approximately 0.7 µm in diameter, as reported 
by the same author. Furthermore, it has been suggested 
that the aggregation pattern of pigment granules is 
genetically regulated and taxon-specific (Hausman 
1920; Ito and Wakamatsu 2003). Transmission electron 

microscopy is essential for observing these melanosome 
aggregation patterns, which represent an entire line of 
research whose adaptive and phylogenetic implications 
remain largely unexplored.

Conclusions
The combined use of optical microscopy and electron 
microscopy allowed the characterization of hair morphology 
in species of the genus Peromyscus at multiple levels of 
structural organization. Optical microscopy provided a 
general assessment of hair types, banding patterns, and 
the distribution of the cuticle, cortex, and medulla, whereas 
SEM, TEM, and FIB-SEM revealed detailed surface and 
internal microstructural features.

The results indicate that cuticular scale morphology 
and medullary organization show consistent patterns at 
the genus level. However, in the peromyscine rodents 
analyzed, intra- and interspecific overlap in morphological 
characters limits the reliability of hair as a diagnostic trait 
at the species level.

The integration of light and electron microscopy 
techniques proved essential for relating general 
morphology to fine structural organization. In particular, 
FIB-SEM enabled high-resolution three-dimensional 
visualization of internal architecture, confirming the 
continuity and spatial arrangement of medullary chambers 
and cuticular transitions. Although applied to a limited 
number of samples, this approach demonstrated the 
analytical potential of high-resolution microscopy for 
studying keratinized structures in micromammals.

Overall, hair morphology in cricetid rodents constitutes a 
useful structural trait for identification at higher taxonomic 
levels and for comparative and functional analyses, while 
its diagnostic value at the species level remains limited 
within closely related taxa.
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