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Abstract

We quantified and determined for the first time the distribution pattern of the neuropeptide NPFF in the human
cerebral cortex and subjacent white matter. To do so, we studied n=9 cases without neurological disorders and n=22
cases with neurodegenerative diseases, including sporadic amyotrophic lateral sclerosis (ALS, n=8), Alzheimer’s
disease (AD, n=38), Pick’s disease (PiD, n=3), and schizophrenia (n=3). NPFF-immunopositive cells were located
chiefly, but not exclusively, in the superficial white matter and constituted there a subpopulation of white matter
interstitial cells (WMIC): Pyramidal-like and multipolar somata predominated in the gyral crowns, whereas bipolar

and ovoid somata predominated in the cortex surrounding the sulci. Their sparsely ramified axons were unmyeli-
nated and exhibited NPFF-positive bead-like varicosities. We found significantly fewer NPFF-immunopositive cells

in the gray matter of the frontal, cingulate, and superior temporal gyri of both sporadic ALS and late-stage AD patients
than in controls, and significantly fewer NPFF-positive cells in the subjacent as well as deep white matter of the fron-
tal gyrus of these patients compared to controls. Notably, the number of NPFF-positive cells was also significantly
lower in the hippocampal formation in AD compared to controls. In PiD, NPFF-positive cells were present in sig-
nificantly lower numbers in the gray and white matter of the cingulate and frontal gyrii in comparison to controls.

In schizophrenic patients, lower wNPFF cell counts in the neocortex were significant and global (cingulate, frontal,
superior temporal gyrus, medial, and inferior gyri). The precise functions of NPFF-positive cells and their relationship
to the superficial corticocortical white matter U-fibers are currently unknown. Here, NPFF immunohistochemistry

and expression characterize a previously unrecognized population of cells in the human brain, thereby providing

a new entry-point for investigating their physiological and pathophysiological roles.
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Introduction

The white matter interstitial cells (WMIC) of the
human brain, first described by Theodor Meynert [34,
55] and representing approximately 3% of all cortical
neurons (between 600 and 1100 million nerve cells)
[41, 72, 73], mature and undergo axonal myelina-
tion postnatally [84]. They are most prominent in the
human and primate brain, and are also present in the
brains of non-primate mammals and rodents [14, 35,
54, 56, 61, 75-78, 86]. Little is known about the func-
tional significance of WMIC or their connectivities,
i.e., the sources of their afferents and the targets of
their efferent connections. In humans, the physiologi-
cal functions attributed to WMIC include regulation of
the cerebral circulation [27, 60], sleep regulation [36],
and control of the information flow through the cere-
bral cortex [15, 43]. However, reports also indicate that
superficial WMIC and their late-myelinating axons may
be implicated in the pathophysiology and pathogenesis
of neurological, neurodevelopmental, and neuropsy-
chiatric disorders, such as Alzheimer’s disease, Hun-
tington’s disease, schizophrenia, bipolar disease, autism
spectrum disorder, and epilepsy [1-4, 16, 17, 22, 23, 32,
37, 43, 45, 47, 56, 65, 66, 70, 85, 89]. Up to now, both
their neurochemical heterogeneity [94] and the lack of
a reliable marker with high staining efficiency in human
autopsy tissue have made it difficult to obtain a more
comprehensive understanding of WMIC morphology,
distribution, and involvement across the spectrum of
neurodegenerative diseases.

Here, we report the discovery that Neuropeptide
FF (NPFF), an octapeptide belonging to an extended
family of RF-amide peptides, reliably identifies a sub-
population of cells in both the white matter and gray
matter of the human neo- and allocortex. NPFF was
first isolated in 1985 in the bovine central nervous sys-
tem (CNS) and, subsquently, in the rat CNS [39, 40, 88].
In humans, NPFF is encoded by the NPFF gene [63];
together with its receptors, NPFFR1 and NPFFR2, the
peptide is implicated in a broad spectrum of physi-
ological functions in the vertebrate brain, spinal cord,
and periphery [18, 28, 29, 44, 48-50, 53, 68, 71, 80, 92].
These include antinoception, pruritic sensation, and
regulation of endocrine and cardiovascular functions
[26, 28, 29, 48-50, 53, 62].

The present report documents the number, morpho-
logical features, and distribution pattern of NPFF-posi-
tive cells in the cerebral cortex of =9 control subjects
and in n=22 individuals with selected neurodegenera-
tive diseases using immunoreactions with a polyclonal
antibody directed against NPFF. Here, we use the term
“NPFE-positive cells” to refer to both cortical gray
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matter (gNPFF) and subjacent cortical white matter
(WNPFF) cells as a group.

Material and methods

Human postmortem tissue

This study was performed in compliance with university
ethics committee guidelines, the declaration of Helsinki,
as well as German federal and state law governing human
tissue usage. Informed written consent for autopsy was
obtained from the patients or their next of kin. Postmor-
tem tissue samples from the University of Ulm Tissue
Bank were included from n=9 individuals (5 females,
4 males; age 56.4+24.1 years) without neurological dis-
orders as controls, n=8 patients with sporadic ALS (2
females, 6 males; age 61.1+15.68 years), n=8 patients
with advanced sporadic AD (5 females, 3 males; age
80.2+9.1 years), n=3 patients with PiD (2 females, 1
male; 72.0+1.63 years), and n=3 patients with schizo-
phrenia (1 female, 2 males; 63.3+7.4 years). Cases were
selected by gender and age such that there was one case
for each gender and age group. In this manner, we were
able to detect or exclude both age- and gender-specific
effects [57]. Demographic and neuropathological data for
all of the individuals studied are shown in Supplementary
Table 1.

Tissue fixation, embedding, and sectioning

Brains were fixed for 14—21 days by immersion in a 4%
aqueous solution of formaldehyde. Afterwards, we used a
macrotome to cut 1 cm thick coronal slices perpendicu-
lar to Forel’s axis from at least one hemisphere of each
case. We used the hemisphere block that was cut at mid-
uncal level and included anterior portions of the hip-
pocampal formation. We also excised from two controls
(Suppl. Table 1, cases 8 and 9) an additional tissue block
halfway between the occipital pole and the junction of
the parieto-occipital sulcus with the calcarine fissure. The
sections were oriented perpendicular to the calcarine fis-
sure and contained the striate (primary sensory area 17),
parastriate (secondary sensory area 18), and peristriate
(area 19) regions (Suppl. Figure 1). The tissue blocks were
embedded in polyethylene glycol (PEG 1000, Merck, Carl
Roth Ltd, Karlsruhe, Germany), and sectioning was per-
formed with a tetrander (Jung, Heidelberg, Germany) at
a thickness of 100 um, as described previously [8].

Histological staining and immunohistochemistry

Following pretreatment with performic acid, pigment-
Nissl staining (aldehyde fuchsine, Morphisto, Frankfurt
am Main, Germany, combined with a basophilic Nissl
stain Darrow red, 211,885, Sigma-Aldrich, Steinheim,
Germany) was performed on free-floating hemisphere
sections for topographical orientation and to show the
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presence and extent of lipofuscin deposits as well as neu-
ronal loss [5, 9]. For immunohistochemistry, hemisphere
sections were treated with 10% methanol plus 10% con-
centrated (30%) H,O, and 80% Tris for 30 min. Follow-
ing microwave pretreatment for 30 min (NPFF, pTDP-43,
SMI-31, MBP, somatostatin, calretinen) or 1 h (TDP),
or pretreatment with 100% formic acid for 3 min (4GS,
syn-1) to facilitate the immunoreactions, blocking with
bovine serum albumin was performed to inhibit endog-
enous peroxidase and to prevent nonspecific binding.
Next, free-floating sections were incubated for 18 h* at
20 °C using primary antibodies (Suppl. Table 2).

Additional 100 um hemisphere sections from each
case were immunostained with the following primary
antibodies: (1) a monoclonal rabbit recombinant soma-
tostatin antibody (7Q4TO0; 1:1000, Invitrogen [Thermo
Scientific], Waltham, MA, USA), (2) a polyclonal rab-
bit calretinin antibody (1:1000; Invitrogen [Thermo
Scientific], Waltham, MA, USA), or (3) a monoclonal
parvalbumin antibody (1:1000, Sigma-Aldrich/Merck,
Darmstadt, Germany). From the frontal gyrus of two
cases (Suppl. Table 1, cases 8 and 9), 100 um sections
were immunostained with one of the following primary
antibodies: (1) a polyclonal calbindin antibody (1:2000,
Invitrogen [Thermo Scientific] PA5-143,561, Waltham,
MA, USA) or (2) a monoclonal nitric oxide synthase neu-
ronal NOS-125 antibody (1:100, GeneTex GTX01921,
Irvine, CA, USA). In double-immunoreactions for NPFF/
TDP-43, NPFF/AT8, NPFF/syn-1, NPFF/pTDP-43,
NPFF/SMI-31, NPFF/MPB, NPFF/somatostatin, NPFF/
calretinin, and NPFF/parvalbumin, NPFF/calbindin, and
NPFEF/nNOS, the NPFF immunoreaction was visual-
ized using the brown chromogen (DAB, D5637 Sigma,
Taufkirchen, Germany) and the second immunoreaction
was visualized with the blue chromogen SK-4700 (SG
Substrate Kit, Vector, Newark, NJ, USA).

Subsequent to processing with a corresponding sec-
ondary biotinylated antibody (anti-mouse IgG, 1:200;
Linaris) for 1.5 h, all immunoreactions were visualized
with the avidin—biotin complex (ABC, Vectastain, Vector
Laboratories, Burlingame, CA, USA) for 2 h and DAB.
Omission of the primary antiserum resulted in non-
staining. Positive as well as negative control sections were
included to confirm immunostaining specificity. NPFF
immunoreactions underwent counterstaining for lipofus-
cin pigment with aldehyde fuchsin (Morphisto, Frankfurt
am Main, Germany) [5].

Tissue sections were cleared, mounted, and cover-
slipped (Histomount, National Diagnostics, Atlanta, GA,
USA). Histological slides were viewed and neuropatho-
logical staging performed with an Olympus BX61 micro-
scope (Olympus Optical, Tokyo, Japan) (K.D.T.). Digital
micrographs were taken with an Olympus XC50 camera
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using the Cell D® Imaging Software (Olympus, Miinster,
Germany) (K.D.T., D.W.). The program’s Extended Focal
Imaging (EFI) function was used to fuse stacks of four
differently focused single images into a single sharply
focused image.

Immunofluorescence (IF) and confocal imaging
Heat-induced epitope retrieval was performed by boiling
the tissue sections in 0.1 M citric acid (pH 6.0) in a water
bath for 30 min. After cooling to room temperature, the
sections were incubated in blocking solution (3% (wt/
vol) BSA plus 0.1% (vol/vol) Triton X-100 in 1 x DPBS™/")
under gentle agitation at room temperature for 2 h. Pri-
mary antibodies (NPFE, VGAT [vesicular GABA trans-
porter], and gephyrin, see Suppl. Table 2) were diluted
in blocking solution and incubated with the tissue under
gentle agitation at 4 °C for 3 days. After rinsing 3 times
with 1xDPBS™~ for 30 min, Alexa Fluor-coupled sec-
ondary antibodies were used for 2 h. Finally, all tissue sec-
tions were mounted in SlowFade Gold antifade (Thermo
Fischer Scientific, Eugene, OR, USA), and z-stacks were
acquired on a SPE confocal microscope (Leica Microsys-
tems, Wetzler, Germany) with the 63 X oil objective (ACS
APO, NA 1.3, WD 160 um).

NPFF cell quantification

The regions of interest were identified by light micros-
copy in immunohistochemically stained sections,
according to anatomical landmarks [52] (Suppl. Fig-
ure 1). The superficial white matter region is consid-
ered to be a transition zone between the infragranular
layer VI and the deep white matter [22, 24]. To distin-
guish the border between gray matter and superficial
white matter, we performed pigment-Nissl staining
on additional sections. The border was determined
using the rapid decrease in neuronal density and den-
dritic orientation [76]. To quantify the NPFF cells in
each coronal section, we further subdivided the super-
ficial white matter region into compartments I-V at a
depth of 500 um based on Conner et al. [16] for each
gyrus selected for analysis (Fig. 1a). In samples where
it was not possible to classify all five WM compart-
ments, the rating NE (not evaluated) was entered. The
gyri included the cingulate gyrus, frontal gyrus, supe-
rior temporal gyrus, medial and inferior temporal
gyri, and temporal allocortex (including the entorhinal
region and hippocampal formation; Suppl. Figure 2a,
b). Cell counts were carried out on 100 pm hemisphere
sections (D.W.). Brightfield images with 4X tiles and
Z-stacks of 6 pm thick optical sections were acquired
with a Keyence BZ-X800 series microscope and run by
the BZ-X800 analyzer software (Keyence Canada Inc.,
Mississauga, Ontario, Canada). For image analysis,
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Fig. 1 Superificial white matter compartments and white matter NPFF-immunopositive cells in a control case. a Detail showing gray matter (GM)
und white matter (WM), including the superficial white matter compartments | bis V (broken lines) and deep white matter. Each white matter
compartment is 500 um in thickness. Scale bar in b is also valid for a. b Gyral crown of frontal gyrus. The density of the NPFF cells in the white
matter increases with increasing proximity to the gyral crown. c—f Polymorph appearances of white matter NPFF-positive cells from the frontal
gyrus; pyramidal-like (triangular-shaped) in ¢ and f (see also Fig. 2f), multipolar d, and bipolar/fusiform e Scale bar in ¢ also applies to d-f. a—f
Case 8: male, 83 years of age (see also Suppl. Figure 1). Pigment (aldehyde fuchsin) staining plus NPFF-immunohistochemistry (brown chromogen
3,3"-diaminobenzidine tetrahydrochloride, DAB) in 100 um polyethylene glycol-embedded (PEG) sections

maximal intensity images were made from 22 to 25
z-stacks of 6 um each. Image analyses were performed
with Image] software (NIH, Bethesda, USA). To elimi-
nate variations in size between cases, we calculated for
each one the surface and the volume of the surface to
be analyzed. Quantified numbers for NPFF-positive
cells were normalized to the volume.

Statistics
The number of NPFF-immunoreactive cells was counted
for each region (gray matter, the white matter divided
into compartments I-V, and deep white matter) and then
divided by the volume of the region for each single case.
The data were averaged and presented as a mean + SEM.
Statistical comparisons between the different corti-
cal areas in the superficial and compartments of the
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white matter and between the different groups of indi-
viduals were performed by using one-way ANOVA test
with Dunnet’s multiple comparison test with *p <0.05 to
%5 <0.0001. All statistical studies were performed with
the GraphPad Prism 9.4.1 statistical package (GraphPad
Software, San Diego, California, USA).

Results

Distribution and morphology of gNPFF and wNPFF cells

in the normal human cerebral cortex of n=9 individuals
without neurological disease

First, we characterized the distribution of NPFF in
100 pm hemisphere sections from the following neocor-
tical regions of controls: cingulate gyrus, frontal gyrus,
superior temporal gyrus, and the medial and inferior
temporal gyri (Suppl. Table 1 and Suppl. Figure 2a).

The anti-NPFF antibody labeled a morphologically het-
erogeneous population of medium-sized cells (gNPFF
cells) distributed throughout the cerebral cortex and the
underlying superficial white matter (WNPFF). The somata
were uniformly and consistently stained and most lacked
deposits of lipofuscin granules. Within the neocortical
gray matter, NPFF cells were found in all superficial lay-
ers (I-IV); they increased numerically in infragranular
layers V and VI. Most wNPFF-positive cells were located
in compartments I and II at a depth of 1000 um below
the gray matter (Fig. 1a, b). As previously reported for
WMIC [24, 41], wNPFF cells were most abundant in the
gyral crowns of the neocortex (Fig. 1b), decreased along
the flanks of the gyri, and were least abundant at the base
of the sulci. However, NPFF cells were also found in the
deep white matter (>2500 um under GM-WM border).
Twenty percent of NPFF-immunoreactive cells were
located in the cortical gray matter, 80% were localized in
the white matter, of which 63% occurred in the superfi-
cial white matter and 17% in deep white matter.

Cell forms could be distinguished based on the shapes
of their perikarya. gNPFF cells with pyramidal-like (tri-
angular) and multipolar somata predominated within the
gyral crowns (Fig. 1c, d), whereas bipolar shapes as well
as ovoid cells prevailed in the sulcal depths (Fig. 1e, f).
gNPFF and wNPFF cells alike were elongated in shape,
with a longitudinal axis of 20+5 pm (gNPFF)/21 +4 um
(WNPFF) and an average somal width of 12+3 pm
(gNPFF)/14+2 um (wWNPFF). At opposite poles, a few
conically shaped, smoothly contoured, lengthy, and
gradually tapering dendrites emerged that seldom gave
off side-branches (Fig. 2d). The longitudinal axis of the
somata of wWNPPF cells was mostly oriented tangen-
tially to the border between the cortical gray ribbon and
immediately subjacent white matter (Fig. 2a). There, the
axon-like cellular processes shared a distinctive feature:
multiple varicosities resembling a string of beads spaced
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closely but evenly apart (Fig. 2b, e, f). In contrast, most
of the gNPFF cells in cortical layers II and III displayed
radially aligned cellular processes, running at right angles
to the cortical surface, and sometimes forming loops
(Fig. 2c). Very few NPFF-positive cellular processes with
varicosities were located in the small-celled granular
layer IV (thereby making it likely that these processes
were not thalamocortical afferents), whereas the infra-
granular layers V-VI displayed them in greater numbers.

Notably, whereas axon-like cellular processes with
NPFE-positive varicosities were also located in the super-
ficial white matter association (U-fiber) zone of the corti-
cal convolutions, in the deep white matter, including the
large fiber bundles there (internal capsule, anterior com-
missure, corpus callosum, fornix) NPFF-positive pro-
cesses with beaded varicosities were lacking. Otherwise,
deep white matter NPFF-positive axon-like processes
were also directed to the gyral surface and devoid of
short lateral branches. All axon-like processes within the
gray and white matter emanating from the NPFF-positive
somata were negatively labeled for myelin and the axonal
marker SMI-31. The NPFF antibody did not label oligo-
dendrocytes or astrocytes.

NPFF expression in the neocortex

Medium-sized gNPFF-cells were present in all of the
regions studied. The number of gNPFF cells averaged
2147 NPFF/mm?, with the cingulate gyrus having the
largest number of NPFF-positive cells. Their num-
ber tended to decrease approaching the temporal gyri
(Table 1, Fig. 3a). By contrast, WNPFF were four times
more numerous (Fig. 3b). The cingulate, frontal, und
superior temporal gyri contained more gNPFF per sur-
face area than the medial and inferior temporal gyri
(Table 1, Fig. 3b). However, the differences did not reach
significance. All of the regions displayed a compara-
ble number of wNPFF-immunoreactive cells within the
white matter compartments I-V (Fig. 3c—f). Numerous
NPFE-positive cells were also found in the deep white
matter compartments, accounting for up to 18% of the
total number of WNPFF-positive cells (Fig. 3c—f).

All regions had significantly more wNPFEF-positive
cells than gNPFF cells (Fig. 3c—f). In the cingulate
gyrus, 30+ 0.6 gNPFF/mm? were found (52% of them
in the infragranular layers V-VI) and 121+6 wNPFEF/
mm?® (****p <0.0001) (Table 1, Fig. 3c). The numerically
largest portion in the white matter resided in compart-
ment I (52%), followed by 14% in compartment II, but
also up to 17% in the deep white matter. In the fron-
tal gyrus, 23+1 gNPFF/mm? were found and 86+3
wNPFF/mm® (****p<0.0001), whereby 82% of the
wNPFF were located in compartments I-V and 18%
in the deeper white matter layers (Table 1, Fig. 3d). A
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Fig. 2 White and gray matter NPFF-immunopositive cellular processes in control cases. a. The cellular processes (axons) of white matter
NPFF-positive cells (arrowheads) displayed bead-like varicosities (arrows) and ran chiefly parallel to the white matter/gray matter border (broken
line), here in the superior temporal gyrus. Case 7: female, 79 years of age. Pigment (aldehyde fuchsin) staining plus NPFF-IHC (brown chromogen
DAB). b A network of NPFF-positive cellular processes in the gray matter of the superior temporal gyrus. Arrows point to bead-like varicosities. Same
individual and staining as in a. ¢ Looped (arrows) NPFF-positive cellular processes (axons) with bead-like varicosities from the cingulate gyrus gray
matter. Case 8: male, 83 years of age. Pigment (aldehyde fuchsin) staining plus NPFF-IHC. d Multipolar NPFF-immunoreactive cell in the superficial
white matter of the superior temporal gyrus with a long and tapering dendrite (arrows) rather than an extensively branching dendritic arbor.

Same case and staining profile as in a and b. e, f Examples of NPFF-positive cells with lengthy axons displaying bead-like varicosities (arrows)

in the superficial white matter of the frontal gyrus (e, bipolar/ovoid, same case as in c) and of the striate area 17 (f, case 9: female, 87 years of age).
Pigment (aldehyde fuchsin) staining plus NPFF-IHC. PEG-embedded sections of 100 um thickness (a—f)

similar distribution pattern was observable in the tem-  (Table 1, Fig. 3e, f). Our analyses revealed no gender-
poral lobe, where we examined the temporal, medial, related differences, and scores for males and females
und inferior gyri, all of which displayed significantly = were homogeneous, as were scores for younger and
greater numbers of wNPFF cells than gNPFF cells older individuals (Suppl. Figure 3).
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NPFF expression in the primary visual neocortex
For the two cases analyzed, the number of gNPFF cells
in the striate area 17 averaged 9 + 1 NPFF/mm?® compared
to the cingulate gyrus with 30 + 0.6 NPFF/mm?, the fron-
tal gyrus with 23+ 1 NPFF/mm?, and the superior tem-
poral gyrus with 18 + 1 NPFF/mm?. In both cases, 89.3%
of NPFF-positive cells were observed in the superficial
white matter of the primary visual neocortex. The dis-
tribution of wNPFF-positive cells in compartments I-V
resembled closely that in the other neocortical regions
examined, with the numerically largest portions in com-
partment I (62%), followed by 22% in compartment II,
and decreasing in compartments III-V. The deep white
matter aspect was too thin to be accurately evaluated.
The density of wNPFF-positive cells in the primary
visual neocortex (compartments I-V) was far below the
densities in the other regions examined: Whereas 145
NPFF/mm?® were found in the cingulate gyrus and 140
NPFF/mm? in the frontal gyrus (for the superior tempo-
ral gyrus, where the boundary between compartments
and deep white matter could not be reliably identified,
the overall white matter wNPFF density was 108 NPFF/
mm?), only 78 NPFF/mm?® were located in the striate
area. Inasmuch as only two cases were studied, statistical
comparison was not possible.

NPFF expression in the allocortex

All morphological subtypes mentioned above for the
neocortex were also found in the allocortex of all con-
trols. Triangular and multipolar forms were observed
most frequently compared to the bipolar and ovoid
forms. NPFF cells occurred in outer entorhinal layers
(except for layer pre-a), in the lamina dissecans, in deep
layers and in the lamina cellularis profunda [6]. Within
the hippocampal formation, gNPFF cells were sparsely
distributed and located chiefly in the stratum oriens of
sectors CA1l and CA2. Their numbers decreased in sec-
tors CA3 and CA4. In exceptional instances, we also
saw them in the dentate fascia. The number of gNPFE-
positive cells was lower than in the neocortical areas

(See figure on next page.)
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(Table 1). In the lamina dissecans of the entorhinal cor-
tex, the gNPFF cells formed in some instances a chain-
like row (Suppl. Figure 2).

In the hippocampal formation, 1 mm? of white matter
(alveus) contained 49 + 8 wNPFF; in the entorhinal region
the number rose to 83 +3 wNPFF/mm? (Table 1). More
wWNPEFF were found in the entorhinal region than in the
gray matter (entorhinal gray matter 19+ 1 gNPFF/mm?)
(Table 1). Gender-specific or age-specific effects were not
detectable in these regions using the Pearson correlation
test (data not shown).

Loop-like cellular processes with multiple bead-like
varicosities were again detectable in the allocortex. As in
the neocortex, these were SMI-31-negative and stained
negatively for myelin. The entorhinal cortex displayed
the same bead-like varicosities that we had observed in
neocortical regions. Axons with NPFF-positive bead-like
varicosities also existed in CA1-CA4, but the direction
of their orientation was haphazard rather than uniform.
A few NPFF-positive cellular processes were also seen
in CA4 and in the dentate fascia but were lacking in the
alveus and fornix.

Somatostatin (SOM), calretinen (CR), calbindin (CB),
parvalbumin (PV), and neuronal nitric oxide synthase
(nNOS) expression

In the neocortex, 69+5% of NPFF-positive cells were
SOM-positive (Fig. 4a—d). The differences between the
gray matter (64%), superifical white matter (74%), and
deep white matter (68%) were small. Comparable num-
bers were also found in the allocortex, where a large
proportion of SOM-positive cells expressed the neuro-
peptide NPFF, but, even there, a smaller subgroup did
not display positive double immunostaining. 75 + 2% of
the total NPFF-positive cells located within the super-
ficial and deep white matter of the frontal gyrus were
nNOS-positive (Fig. 4e—h); no double immunostaining
was observed in the gray matter. Neuronal NOS (type I)
has been implicated not only in modulating physiologi-
cal functions, such as learning, memory, neurogenesis,
and the central regulation of blood pressure [46, 67, 91],
but also in contributing to neurogeneration [69, 81].

Fig. 3 NPFF-immunopositive cells/mm? in the neocortical gray and white matter of n=9 control cases. a. Cell counts in the gray matter

of the cingulate gyrus (CG), frontal gyrus (FG), superior temporal gyrus (STG), and medial plus inferior temporal gyri (M +ITG) in 4 males (black)

and 5 females (blue). See also Supplementary Table 1. b. Cell counts in the white matter of the same regions and individuals as in a. ¢. Cell counts

in 4 males (black) and 5 females (blue) in the gray matter (GM), white matter (WM), white matter compartments |-V (WM I-V), and deep white
matter (deep WM) of the cingulate gyrus. d. Cell counts in the gray matter (GM), white matter (WM), white matter compartments -V (WM I-V),

and deep white matter (deep WM) of the frontal gyrus. e. Cell counts in the gray matter (GM), white matter (WM), white matter compartments |-V
(WM 1-V), and deep white matter (deep WM) of the medial and inferior gyri. f. Cell counts in the gray matter (GM), white matter (WM), white matter
compartments |-V (WM I-V), and deep white matter (deep WM) of the superior temporal gyrus. Quantification of NPFF-positive cells was normalized
to the volume of analyzed surface area. Data are presented as mean + SEM and analyzed by one-way ANOVA followed by Dunnett’s multiple
comparisons test. Statistically significant differences are indicated (****p <0.0001)
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Fig. 3 (Seelegend on previous page.)

The fact that NPFF cells co-expressed nNOS aligns well ~ or altered in some manner in any of the disorders we

with NPFF’s putative role in regulating central auto- sampled here. In double immunoreactions directed

nomic responses [28, 29], whereas we still do not know  against the calcium-binding proteins CR, CB, and par-

if nNOS cells staining positively for NPFF are reduced valbumin (PV), NPFF-positive cells did not express CR,
CB, or PV in any of the regions investigated.
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gNPFF and wNPFF cells in the cerebral cortex of n=22
patients with selected neurodegenerative diseases

A detailed summary, including age, gender, neuro-
pathologic disease stages for each case can be found in
Supplementary Table 1. As in the control cases above,
we examined the frontal, cingulate, superior temporal,
medial and inferior temporal gyri, as well as the temporal
allocortex in hemisphere sections from all patients. Here,
the morphological features of the NPFF-positive cells
(i.e., cell contours, cell size, axon-like cellular processes
with bead-like varicosities), in these individuals did not
differ from those described above in normal brains.

In sporadic ALS, we found significantly fewer gNPFF
in the cingulate (****p<0.0001), frontal (***p=0.0003),
and superior temporal gyri (***p=0.0009) than in con-
trols. There were no differences in the medial and inferior
temporal gyri (p=0.0672) compared to control brains
(Fig. 5a—d). Notably, the gNPFF cell counts in the sole
case with ALS+FTLD-TDP (Suppl. Table 1, case 14)
were significantly lower in all regions than the ALS gray
matter average cell counts for all regions (Supp. Table 3).
Whereas in the superficial and deep white matter of the
frontal gyrus, wNPFF cell counts were significantly lower
(*p=0.0083) (Fig. 5f) than those in controls, no dif-
ference was detected in the white matter of any of the
remaining regions of the neocortex (Table 2, Fig. 5e-h).
Nor was a significantly lower number of gNPFF-positive
cells detectable in the entorhinal cortex of ALS patients
in comparison to controls, although the cell counts in
all layers (excluding layer pre-a) tended to be lower than
in controls (Fig. 6a and c). The stratum oriens of sectors
CA1 and CA2 of the hippocampal formation contained
fewer gNPFF cells (**p=0.0071) than control cases
(Fig. 6b and d).

AD brains (Suppl. Table 1, cases 18-25) displayed a
NPEFF regional distribution pattern resembling that seen
in sporadic ALS (Table 2). gNPFF-positive cell counts
were signifcantly lower than in controls in the cingu-
late (**** p<0.0001), frontal (****p<0.0001), and supe-
rior temporal gyri (***p=0.0009) (Table 2, Fig. 5a—c).
Furthermore, the quantity of wNPPF cells observed
in the superficial and deep white matter of the frontal
gyrus (***p=0.0009) was significantly lower compared

(See figure on next page.)
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to controls (Table 2, Fig. 5e, f), whereas the white mat-
ter of the cingulate and superior temporal gyri did not
display significantly fewer NPPF-positive cells. No differ-
ences existed between AD and control brains with regard
to NPFF-positive cell counts in the medial and inferior
temporal gyri (Table 2, Fig. 5d and h). We did not detect
any significant difference (p=0.2504) in mean deep white
matter somal size in eight AD cases versus the control
group. Significantly fewer gNPPF-positive cells were
found in the hippocampal formation of late-stage AD
cases (NFT stage V) as opposed to controls (**p=0.0017,
Fig. 6b and d), but the number of gNPFF cells counted
in the entorhinal layers did not diverge significantly from
that of controls.

In PiD (Suppl. Table 1, cases 26-28), the gNPFF cell
counts reported for the cingulate an d frontal gyri were
significantly lower (cingulate: ****p<0.0001; frontal
***p=0.0002; Fig. 5a, b) than in controls and, in addi-
tion, the numbers of wNPFF cells in these areals were
also significantly lower (cingulate: p=0.2046; frontal
***+p=0.0006) compared to wNPFF cell counts in controls
(Fig. 5e, f). The regions of the superior, medial, and infe-
rior temporal gyri also showed significantly fewer gNPFF
and wNPFF cells than control cases.

In the brains of three schizophrenic patients (Suppl.
Table 1, cases 29-31), we found significantly lower num-
bers of wNPFFs in the frontal gyrus (***p=0.001) but
not in cingulate, superior, or medial and inferior gyri
(Table 2, Fig. 5e—h) in comparison to control cases. In
the gray matter of the frontal and cingulate, but not tem-
poral, gyri, a significantly lower number of gNPFF were
detected (frontal ***p=0.0002; cingulate ****p <0.0001).
For the single case for which both the entorhinal cortex
and hippocampal formation were available, gNPFF cell
counts were also lower than in controls.

Absence of proteinopathy-associated aggregates

in NPFF-positive neurons

In all of the brains studied, we looked to see whether the
NPFF antibody co-localized with relevant disease-related
proteinopathy markers. Here, NPFF-positive cells did
not colocalize in double immunoreactions with inclusion
body pathologies characteristic of sporadic amyotrophic

Fig. 4 NPFF-somatostatin and NPFF-nNOS double immunostaining in the frontal gyrus. a-d NPFF (brown chromogen DAB) and somatostatin (blue
chromogen, SK4700 Vector) double immunostaining. Overview in a showing three cells, each of which is shown at higher magnification in b-d
NPFF/somatostatin-positive cell within solid framed area in a is shown at higher magnification in b. In ¢ the cell is NPFF-positive (DAB) but negative
for somatostatin (dashed framed area in a); in micrograph d, the cell shown (arrow in a) is immunopositive only for somatostatin (SK4700 Vector).
Case 9: female, 87 years of age. e-h NPFF (brown chromogen DAB) and neuronal NOS (blue chromogen, SK4700 Vector) double immunostaining.
Overview in e contains two nNOS immunopositive cells (frames) shown at higher magnification in f (NPFF/nNOS-positive) and h (immunopositive
only for nNOS, SK4700 Vector). The cell in g from elsewhere in the same slide as e is NPFF-positive (DAB) but nNOS-negative. Case 8: male, 83 years
of age. 100 um PEG-embedded sections from frontal gyrus (a-g). Scale bar in a is valid for e; scale bar in b also applies to ¢, d, and f-h
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Fig.4 (See legend on previous page.)

lateral sclerosis (pTDP43) (Suppl. Table 1, cases 10-17)  AD-related pathology (Suppl. Table 1, cases 4-26, 28),
or synucleinopathies (a-synuclein) (Suppl. Table 1, the somata of WMIC that contained AT8-positive pre-
cases 13 and 15). In twenty-four of 28 brains staged for  tangles in the entorhinal cortex, as described previously
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[85], did not display NPFF-immunoreactivity. Extra-
neuronal B-amyloid plaques were also NPFF-negative
(Suppl. Table 1, cases 6, 8, 15-25, 27, 28, 31); nor did we
find NPFE-positive cytoplasmic Pick bodies or ballooned
neurons in any of the PiD cases examined.

Immunofluorescence (IF) results

We confirmed the neurochemical identity of the wNPFF
by IF staining. More than 90% were immunopositive for
VGAT (Suppl. Figure 4a—c), and less than 5% were posi-
tive for vGluT1/2. wNPFF inhibitory synapses displayed
puncta on dendrites that were immunopositive both for
the presynaptic marker VGAT and the post-synaptic
inhibitory marker gephyrin (Suppl. Figure 4d-h). For a
small number of cells, no immunoreactivity for excitatory
or inhibitory markers could be detected.

Discussion

Here, application of immunoreactions with an NPFF
antibody to 100 um sections of the human neocortex and
allocortex permitted the first anatomical characteriza-
tion of a hitherto unknown NPFF-positive population
of neurons located in in superficial and deep aspects of
the white matter and in the gray matter, showing that
the majority are located in the superficial white matter
and thereby also making NPFF a new marker for study-
ing these heterogeneous and incompletely understood
cells. Earlier, Garcia-Marin et al. [24] reported that, in
the superficial white matter of the adult human brain,
NeuN-positive white matter neurons varied signifcantly
depending on the cortical region examined. In our con-
trol cohort, the number of wNPFF densities did not fluc-
tuate greatly from region to region. We observed the
greatest number of superficial wNPFFs in the superior
temporal (84.2%) gyrus, followed by the cingulate (83.4%)
gyrus. A lower density was found in the frontal gyrus
(81.7%) and, as seen by others [24, 54], the lowest densi-
ties existed in the striate area 17 in both instances where
the primary visual neocortex was examined. In the deep
white matter, where Garcia-Marin et al. [24] found that
the density of NeuN-positive white matter neurons was
similar in all cortical areas examined, we also observed
little variation in the density of NPFF-positive cells

(See figure on next page.)
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between the neocortical regions sampled. Similarly to
the results of Garcia-Marin for NeuN-positive WM neu-
rons, there were approximately four times more wNPFEF-
positive neurons in the superficial than in the deep white
matter of our controls [24].

In addition to mapping the distribution of NPFF-pos-
itive cells in human cerebral cortex, we exploited NPFF
immunohistochemistry to characterize wNPFF and
gNPFF cells in cases with neuropathologically confirmed
sporadic ALS, AD, PiD, and schizophrenia. To distin-
guish our cells from the conventional WMIC, a term that
presently applies exclusively to neurons located in the
superficial white matter and includes a disparate popula-
tion of both glutamatergic projection cells and GABAer-
gic interneurons [56], we designated them as gray matter
NPFF-positive cells (gNPPF) and, in the white matter, as
NPFF-positive cells (WNPPF).

Up to now, there have been no reports of NPFF-positive
WMIC in any species, although NPFF immunoreactiv-
ity has been reported in and outside of the CNS [25-27,
29, 48-50, 53, 62]. Studies of NPFF in humans have been
limited almost exclusively to the hypothalamus [25-27],
where, for example, Goncharuk et al. [27] reported the
presence of NPFF-immunoreactive punctate varicosities
in cellular processes of hypothalamic nuclei, a feature
that we repeatedly encountered in all of the regions stud-
ied here. Neither that group nor we can explain the ori-
gins or functions or these axonal varicosities.

The morphological characteristics (pyramidal-like,
bipolar, multipolar, long cellular processes) and locations
of the NPFF-positive cells support the conclusion that
they can be classified as medium-sized nerve cells, with
a somal size of 20-21 pm. Their NPFF-positive cellular
processes, which were predominantly radially aligned
between pyramidal cells of the neocortex and allocortex,
were located in the immediately subjacent white matter
rather than in the deep white matter. Presumably, the cel-
lular processes are axons originating from NPFF nerve
cells (Fig. 2d). Because branchings were rare and the ter-
minal ends failed to show any branching, these cells do
not belong to the class of interneurons with short and
profusely branching axons. The NPFF-positive axons did
not lie within the long association bundles, commissural

Fig. 5 NPFF-immunopositive cells/mm? in the neocortex of n=9 control cases versus n= 22 patients with neurodegenerative disorders. a/e Cell
counts in the gray/white matter of the cingulate gyrus (CG-GM, CG-WM). b/f Cell densities in the frontal gyrus (FG-GM, FG/WM), c/g superior
temporal gyrus (STG-GM, STG-WM), and d/h medial plus inferior temporal gyri (M+ITG-GM, M+ITG-WM). Males (black) and females (blue).

For the demographics and neuropathological diagnoses of the n=9 controls (5 females, 4 males), n=8 sporadic ALS patients (2 females, 6 males),
n=8 AD patients (5 females, 3 males), n=3 PiD patients (2 females, 1 male), and n=3 schizophrenia patients (1 female, 2 males), see Supplementary
Table 1. Quantification of NPFF-positive cells was normalized to the volume of analyzed surface area. Data are presented as mean + SEM

and analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. Statistically significant differences are indicated (*p < 0.05;

*¥p<0.005; ***p <0.001; ****p <0.0001)
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Fig. 6 NPFF-immunopositive cells/mm? in the allocortex of n=9 control versus n=22 patients with neurodegenerative disorders. a/c Cell counts
in the gray/white matter of the entorhinal region (ER-GM, ER/WM) and b/d hippocampal formation (HF-GM, HF-WM). Males (black) and females
(blue). For the demographics and neuropathological diagnoses of the controls (=6 ER, n=5 HF), sporadic ALS patients (=3 ER, n=8 HF), AD
patients (n=3 ER, n=>5 HF), PiD patients (=0 ER, n=2 HF), and schizophrenia (n=1 ER, n=1 HF), see Supplementary Table 1. Quantification

of NPFF-positive cells was normalized to the volume of analyzed surface area. Data are presented as mean +SEM and analyzed by one-way
ANOVA followed by Dunnett’s multiple comparisons test. Statistically significant differences are indicated (*p <0.05 **p < 0.01). The hippocampal
stratum oriens displayed only a few axon-like NPFF-positive cellular processes, whereas in the pyramidal cell layer of the subiculum and CA1-CA3
sectors a web-like NPFF-positive plexus existed. The stratum glomerulosum-moleculare and perforant path were marked by remarkably dense

accumulations of axon-like NPFF-positive cellular processes

connections, or efferent fibers of the neocortex that pro-
ject to the brainstem and spinal cord. Nor were they pre-
sent in the hippocampal alveus and fornix. Therefore,
they are not cortical efferent projections.

The NPFF-positive cells revealed additional fea-
tures characteristic of interneurons (e.g., somatostatin
positivity); but it should be pointed out that many neu-
ronal types are known to express multiple or diverse

neuropeptides. Cortical interneurons are further classi-
fied into two main categories: excitatory glutamatergic
and inhibitory GABAergic cells [56] located in both the
gray and the white matter. The densities of interneu-
rons differ from region to region, as did those of the
NPFF cells (Fig. 3). Nonetheless, apart from the fact that
approximately 68% of the NPFF cells were somatostatin-
positive and displayed the same morphologies as cortical
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interneurons (bipolar, multipolar), they were, in contrast
to the findings reported by others for WMIC in non-
human primates and humans, calretinin- as well as cal-
bindin- and parvalbumin-negative [20, 24, 75-78, 83, 94].
Thus, based on their morphology and topographical dis-
tribution, we conclude that the NPFF-positive neurons
are neither classical short-axoned interneurons nor long-
axoned projection neurons.

The presence of VGAT/gephyrin-immunoreactive
puncta on NPFF-positive dendrites suggests that the
wNPEFF are integrated in synaptic networks within the
U-fibers; however, because synaptic structures can be
incompletely preserved in formalin-fixed tissues, thereby
complicating the attribution of pre- and post-synaptic
sites to specific cells, it was not possible to determine
whether these were inhibitory synapses projecting to
wNPFF or inhibitory synapses originating from the
wNPFF neurons themselves and projecting to local tar-
gets. Nevertheless, these findings are in agreement with
the reported local synaptic architectures detected in
WMIC and their sensitivity to GABAergic inputs [84,
87].

Double-immunofluorescence enabled us to identify the
WNPEF cells as inhibitory neurons. In light of the previ-
ously reported split into 50% excitatory and 50% inhibi-
tory white matter neurons [24], our finding implies that
wNPFF cells represent a fraction of the total population
of WMIC in the human cerebral cortex. In agreement
with this model, the overall density of wNPFF cells was
substantially lower than the density of NeuN-positive
white matter cells reported by the same group. Further-
more, the neurochemical characterization of the wNPFF
cells (only 6% of NeuN-positive were NOS-positive in
[24] compared to 75% NOS-positive wNPFF cells here)
is also compatible with the idea that wNPFF cells are a
subset of the WMIC population.

Our data in controls and in cases with neurodegen-
erative disorders did not show significant age-dependent
neuronal cell loss in the superficial and in deep white
matter population of NPFF-positive cells. This finding
resembles the situation described previously by Mor-
tazavi et al. [57] for rhesus monkeys, with the excep-
tion of a moderate decrease in frontal region deep white
matter neurons. Subtle age-dependent morphological
changes in white matter neurons could have multiple
causes given the wide range of putative white matter neu-
ronal functions and their involvement in both corticotha-
lamic and corticocortical circuits [57].

We did not utilize the term ‘neuronal loss’ to describe
the significantly lower numbers of NPFF-positive cells
in the brains of patients with sporadic ALS and selected
tauopathies or in schizophrenia compared to controls
because we found no evidence of NPFF-positive cell
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death (e.g., indicated by the presence of activated micro-
glia, extraneuronal lipofuscin remnants) in pigment-
Nissl stained hemisphere sections. However, the lower
or reduced NPFF-positive cell counts could point to an
underfunction of the NPFF network in such individuals,
possibly contributing to deficient or dysfunctional inter-
actions of NPFF with other neurotransmitter systems and
cellular networks.

As a rule, most of the superficial wNPFF cells and
their distinctively ‘beaded” axons were concentrated in a
zone that harbors the U-fibers (fibrae arcuatae cortici) in
humans and monkeys, rather than in the deep white mat-
ter. Significant exceptions were the external and extreme
capsules, where NPFF-positive axons were abundant. By
contrast, other large white matter fiber bundles, includ-
ing the uncinate fascicle, cingulum, superior and infe-
rior longitudinal fascicles, occipitofrontal, and arcuate
fascicles, were devoid of them. Not found in rodents,
the U-fibers are local, short-range, glutamatergic corti-
cocortical association fibers that connect adjacent cor-
tical areas [11, 30, 58, 59, 90]. Previous studies indicate
that not only specific subsets of WMIC are pathologi-
cally altered in humans, such as autism spectrum disor-
der and schizophrenia, but also that the U-fiber system
is affected in AD [65], autism [19, 74], schizophrenia, and
bipolar disorder [31, 64]. The function or possible inter-
action between NPFF-positive nerve cells and the U-fiber
systems in all of these disorders is, to date, completely
unknown and requires additional investigation.

Both their proximity to the corticocortical U-fibers
and the presence of NPFF-positive axo-axonic inhibitory
synapses (Suppl. Figure 4) distributed in the correspond-
ing superficial white matter suggest an involvement in
the gating of short-range (local) corticocortical circuits
(but see also 84). U-fiber functioning is highly modulated
during cognitive tasks [38], and therefore the degree of
intracortical connectivity may be dependent on wNPFF
(and WMIC) to ensure high signal-to-noise transmission.
Thus, one could speculate that the superficial wNPFE-
positive neurons in the human brain provide metabolic
support or ‘fine tuning’ (modulation) to the U-fiber sys-
tem. Under this assumption, loss or reduction of wNPFF
in the U-fiber zone may substantially reduce the effi-
ciency of intracortical connectivity and lead to the func-
tional isolation of cortical areas in neurodegenerative and
neurodevelopmental disorders.

In conclusion, we can now add the neuropep-
tide NPFF to the pool of markers available for
studying the distribution, morphology, and neuro-
chemistry of WMIC, which are characterized by enor-
mous neurochemical heterogeneity: glutamatergic,
but mostly GABAergic predominate, but there are
also subpopulations displaying acetylcholinesterase,
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nicotinamide-adenine dinucleotide phosphate diapho-
rase (NADPH), MAP2, somatostatin, calbindin-D28K,
calretinin, and parvalbumin [13, 21, 24, 33, 41, 42, 45,
47, 54, 75, 94]. The observed density and the partial
overlap between somatostatin-positive and nNOS-pos-
itive WMIC (but not between calretinin-positive or cal-
bindin-positive WMIC) and wNPFF cells suggests that
NPFE-positive neurons could overlap with previously
identified WMIC subpopulations. As such, NPFF can
serve as an immunohistochemical marker useful for the
investigation of WMIC neurons in the normal brain as
well as in neurodegenerative and neurodevelopmental
disorders. In addition, NPFF immunohistochemistry
opens up novel perspectives for future applications in
neuroanatomical and neuropathological studies of the
wNPFF and gNPFF neurons in the human brain.
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